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ABSTRACT 


A  new  technology  utilizing  superconductive  components  to  realize 
convolvers  and  correlators  that  are  capable  of  processing  analog 
signals  having  bandwidths  from  2-20  GHz  is  being  developed.  The 
technology  has  two  key  features:  (1)  low-loss  and  low-dispersion 
electromagnetic  striplines  provide  tapped  delay  on  compact  substrates; 
and  (2)  superconductive  tunnel  junctions  provide  efficient  low-noise 
mixing  and  high-speed  sampling  circuits.  A  convolver  with  a  time- 
bandwidth  product  of  28  has  been  demonstrated.  Projections  indicate 
that  superconductive  technology  should  support  analog  devices  with 
time-bandwidth  products  of  1000  or  greater. 
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1.0  Introduction 


The  successful  integration  of  superconductive  stripline  circuits  and  tunnel 
junctions  in  the  same  device  is  yielding  programmable  analog  signal  processors 
with  ultrawide  bandwidth  and  important  functional  capabilities.  Configurations 
of  integrated  superconductive  signal  processors  and  some  of  their  potential 
areas  of  application  include  (1)  dispersive  delay  lines  for  waveform  generation 
and  pulse  compression  in  radar,  (2)  convolvers  and  correlators  for  programmable 
matched  filters  in  spread-spectrum  communication,  (3)  chirp-transform  circuits 
for  spectral  analysis,  and  (4)  time-integrating  correlators  for  ultrawide- 
bandwidth  emitter  location. 

This  AFOSR  program  is  a  one-staff  segment  of  a  multi-staff  effort.  The 
other  major  segments  of  the  effort  are  supported  by  the  Air  Force  Lincoln 
Laboratory  line  item,  by  the  Ballistic  Missile  Defense  Advanced  Technology 
Center  (BMOATC)  and  the  Defense  Advanced  Research  Product  Agency  (DARPA).  The 
objective  of  the  AFOSR-sponsored  segment  of  the  program  is  to  develop  convolvers 
and  time-integrating  correlators.  Unlike  our  other  superconductive  structures, 
these  programmable  devices  require  a  high  degree  of  integration  among  the 
passive  stripline  and  active  superconductor-insulator-superconductor  (SIS) 
junction  elements.  The  AFOSR-sponsored  portion  of  the  superconductive  program 
has  progressed  from  the  development  of  the  separate  passive  and  active 
superconductive  elements  through  the  integration  of  these  superconductive 
subcomponents  to  realize,  first,  a  preliminary  convolver  demonstration  and  then, 
an  upgraded  convolver  design  with  improved  characteristics. 

In  the  past  year  the  convolver  design  has  been  fabricated  and  demonstrated 
with  gated-cw  tones  and  wideband  chirped  waveforms.  This  device  employs  a 
superconductive  delay  line  for  the  relative  shifting  of  signal  and  reference 
waveforms,  superconductive  mixers  for  the  distributed  multiplication,  and  a  low- 
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impedance  output  transmission  line  for  summation  (integration)  of  the  desired 
mixing  products.  These  are  the  essential  three  functions  which  are  required  for 
convolution.  The  device  was  carefully  evaluated  with  cw  tones  to  determine 
significant  device  parameters  including  efficiency,  spurious  levels  and 
distortions.  The  results  were  then  compared  with  our  numerical  and  circuit 
models  which  were  developed  to  predict  convolver  response.  The  device  was  then 
demonstrated  as  a  programmable  matched  filter  using  wideband  chirped  waveforms 
as  the  input. 

Preliminary  design  studies  have  been  completed  on  a  time-integrating 
correlator  concept.  This  device  will  combine  the  delay  line  and  mixer 
structures  already  developed  for  the  convolver  with  conceptually  new  resonator 
and  readout  circuits.  This  device  will  undergo  extensive  development  during  the 
next  two  years  of  the  progranri. 

Real-time  signal  processing  bandwidths  of  10  GHz  and  processing  gains  up  to 
1000  are  projected  for  the  superconductive  convolver.  The  time-integrating 
correlator,  whose  interaction  is  not  limited  to  the  physical  length  of  the  delay 
line  as  in  the  convolver,  will  provide  processing  gains  of  10,000  and  beyond. 

The  programmable  feature  of  both  of  these  devices  will  provide  the  systems 
designer  with  the  salient  attributes  of  diversity,  low  probability  of  intercept 
and  immunity  from  repeat  jamming.  Integrated  structures  of  this  type  will 
provide  real-time  signal  processing  functions  with  the  digital  equivalent  of 
over  10l2  arithmetic  operations/sec. 


2 


Radar,  communication  and  electronic  warfare  systems  are  often  constrained 
to  data  rates  well  below  the  capabilities  of  the  RF  and  microwave  circuitry  by 
the  limitations  of  their  digital  data  processors.  The  fundamental  task  for  any 
signal  processor  is  first  to  collect  data  over  some  time  interval  and  then  to 
analyze  that  received  data,  for  example  by  correlation  against  a  known  reference 
or  by  performing  a  Fourier  transform.  It  is  the  goal  of  this  program  to  develop 
analog  technology  that  processes  the  wideband  data  from  a  sensor  in  real  time  to 
extract  the  essential  information.  This  refined  data  would  then  be  transferred 
at  a  substantially  reduced  rate  to  a  conventional  or  superconductive  digital 
data  processor.  Hybrid  systems  with  such  analog  preprocessors  would  in 
consequence  have  greatly  increased  capabilities.  The  potential  of  such  hybrid 
analog/digital  subsystems  was  described  in  a  recent  paper  presented  at  the 
International  Specialists  Seminar  on  Advanced  Signal  Processing,  Appendix  A. 
Reducing  the  speed  requirement  for  digital  processing  has  immediate  and  obvious 
advantages  in  lowering  cost,  power,  size  and  weight  budgets,  and  thereby  making 
hybrid  systems  compatible  with  such  mobile  platforms  as  airplanes  and  small-land 
based  vehicles.  The  data  reduction  afforded  by  the  analog  preprocessors  has  the 
further  advantage  of  enhancing  the  robustness  of  a  communication  link  should  it 
be  required  to  transmit  data  to  another  platform  (e.g.,  a  central  processor). 

A  variety  of  functions  must  be  satisfied  by  the  analog  signal  processing 
technology.  As  discussed  in  the  original  proposal,  these  include  input,  delay, 
shifting,  tapping,  multiplication,  spatial  summation,  time  integration,  and 
output.  Lincoln  Laboratory  researchers  were  the  first  to  realize  that  all  of 
these  functions  might  be  achieved  in  integrated  superconductive  circuits  at 
bandwidths  of  10  GHz  and  greater.  The  current  progran  is  creating  the  desired 
technology.  In  addition  to  performing  the  required  analog  functions,  this 


technology  also  provides  a  full  set  of  digital  logic  and  memory  functions,  using 
compatible  devices  and  processing  techniques,  which  could  be  incorporated  in  an 
ultrahigh-speed  processor  intermediate  between  the  analog  processor  and 
conventional  room-temperature  circuitry.  Until  recently,  this  technology  was 
being  aggressively  pursued  at  IBM  (and  other  companies)  for  computer 
applications.  For  reasons  related  specifically  to  the  application  to 
general -purpose  computers,  the  IBM  program  was  cut  back  to  a  much  smaller 
research  effort.  Those  reasons  included  design  difficulties  for  dense  (4K) 
high-speed  inanory  and  loss  of  momentum  to  competing  high-speed  technologies  such 
as  advanced  silicon  and  GaAs.  However  the  Josephson  digital  technology 
developed  at  IBM  still  appears  well  suited  for  signal  processing  applications. 
Indeed,  interest  in  this  particular  area  is  continuing  to  expand  elsewhere 
within  the  U.S.  superconducti ve  canmunity.  Related  activities,  including 
mini-refrigerator  development  for  operation  at  temperatures  below  10  K,  and 
searches  for  a  new  class  of  three-terminal  transistor-like  superconductive 
device,  are  being  actively  pursued  by  U.S.  researchers. 
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2.1  Summary  of  early  program  results 

The  approach  being  used  in  developing  superconductive  convolvers  and 
time-integrating  correlators  is  to  integrate  a  variety  of  components  via 
high-quality  stripline  (or  microstrip)  links  on  low-loss  substrates. 

Development  under  AFOSR  sponsorship  is  progressing  in  stages,  with  the  first  two 
years  being  focused  on  the  reliable  fabrication  of  discrete  components  on 
low-loss  substrates  of  crystalline  quartz  and  sapphire.  Also  during  this  stage 
of  the  program  a  preliminary  convolver  design  was  integrated  and  fabricated  on 
sapphire  substrates  to  demonstrate  basic  device  concepts.  The  results  of  this 
work  will  be  summarized  in  this  subsection.  Results  on  the  last  phase  (third 
year)  of  the  program  will  be  described  in  section  3. 

During  the  first  two  years  of  the  program,  superconductive  transmission 
lines,  couplers,  and  tunnel -junction  mixers  were  developed  and  evaluated  at 
microwave  frequencies.  The  amplitude  and  phase  responses  of  superconductive 
transmission  lines  and  taps  were  extensively  studied  and  modeled.  Niobium 
resonators  were  fabricated  on  sapphire,  quartz  and  silicon  substrates  to 
evaluate  conductor-and  substrate-related  rf  propagation  losses.  Measurements 
made  at  4,2  K  indicated  loaded  quality  (Q)  factors  of  lO'^  and  greater  for  all 
three  substrate  materials.  Thus  niobium  and  these  three  substrate  materials 
have  sufficiently  low  RF  propagation  losses  at  4.2  K  to  support  analog  signal 
processing  components  with  signal  processing  gains  of  1000  or  greater. 

These  subcomponents  were  then  integrated  on  a  single  sappphire  substrate  to 
provide  a  preliminary  demonstration  of  the  superconductive  convolver  concept. 
This  device  employed  si ngl e-j unction  mixers  which  saturated  at  very  low 
(=•-80  dBm)  output  power  levels.  A  new  ring  mixer  was  then  developed  which 
employs  series  arrays  of  superconductive  tunnel  junctions  for  the  desired  mixing 
interaction.  This  ring-mixer  design  was  then  incorporated  in  an  upgraded 
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ivolver  design  to  be  described  in  section  3. 

I  Related  work  under  other  sponsors 

Significant  advances  are  being  achieved  on  the  passive  tapped-del ay-1 ine 
Iters  being  developed  for  BMDATC.  With  stripline  structures,  pulse 
oansion/compression  at  2.4-GHz  bandwidths,  TB  products  of  90,  and  -27-dB  peak 
side-lobe  levels  are  obtained.  Swept  frequency  measurements  indicate  device 
olitude  and  phase  distortions  of  ±  1  dB  and  9*  rms,  respectively, 
asurements  on  these  initial  devices  indicated  significant  variations  in  the 
irp  slope  between  individual  devices.  This  was  traced  to  the  presence  of  air 
ids  between  the  two  silicon  substrates  comprising  the  stripline  structure, 
proveinents  in  the  polishing  of  the  silicon  substrates  and  in  the  device 
sembly  techniques  alleviated  this  problem. 

Two  significant  advances  have  been  made  in  extending  the  length  (and  hence 
1-  '  the  passive  filters.  A  method  of  stacking  multiple  series-connected 
ts  in  a  single  package  has  been  developed.  Initial  demonstration  of  the 
:ture  with  a  dispersive  delay  line  yielded  a  4-GHz  bandwidth  and  a  75-ns 
spersion  length.  To  maintain  adequate  isolation  between  adjacent  line 
ctions,  line  spacing  (s)  to  substrate  height  (h)  ratios  of  3.4  and  greater 
st  be  maintained.  This  requirement  determines  the  maximum  amount  of  delay 
at  can  be  realized  with  a  substrate  of  fixed  dimensions.  To  increase  delay, 
bstrate  height  must  be  reduced  from  the  current  125  urn.  A  method  of  thinning 
licon  substrates  to  thickness  of  15  urn  and  under  and  bonding  the  thinned 
fers  to  thicker  substrates  for  mechanical  support  has  been  achieved.  This 
ould  yield  dispersion  times  of  200  ns  and  greater  on  substrates  with  current 
-cm)  diameters.  The  technology  of  superconductive  delay  lines  is  more  fully 
plained  in  an  attached  paper  (Appendix  B)  which  was  presented  at  the  1984 
plied  Superconductivity  Conference. 


The  output  of  the  preliminary  convolver  which  was  described  in  previous 
orts  suffered  from  saturation  at  very  low  output  power  levels.  In  the  design 
the  device  single-junction  mixers  were  employed  for  the  desired  nonlinear 
er action.  The  maximum  output  power  which  can  be  obtained  from  an  individual 
ction  is  limited  by  the  saturation  of  the  tunneling  nonlinearity  as  the  RF 
ential  impressed  across  the  superconductive  junction  is  increased  above  a 
tain  level  (=•  ImV). 

The  preliminary  convolver  had  limited  dynamic  range  because  of  this 
ction  saturation.  By  stacking  a  number  Nj  of  superconductive  junctions  in 
ies,  one  can  increase  the  saturation  power  Pg  by  Nj^.  For  example,  a 
erconductive  mixer  with  4  tunnel  junctions  in  series  can  have  about  a  12-dB 
her  output  power  level  than  a  single  junction  mixer. 

To  increase  the  available  output  power  and  hence  dynaiTiic  range  of  the 
grammable  analog  signal  processing  devices,  a  superconductive  diode-ring 
ucture  with  series  junction  arrays  has  been  developed  and  implemented  in  the 
rent  convolver  design  as  shown  in  Fig.  1.  The  structure  has  two  RF  input 
ts,  a  single  output  port  and  a  dc  bias  port.  Each  of  its  active  legs  has 
eral  superconductive  tunnel  junctions  in  series.  In  device  operation,  two 
ininals  on  opposite  sides  of  each  ring  are  excited  by  RF  inputs  from 
ividual  proximity  couplers.  The  two  couplers  are  separated  by  a  nominal  90° 
the  input  delay  line  and  ideally,  except  for  a  phase  shift,  carry  equal 
nal  (u)i)  and  reference  (0)2)  components  to  the  mixer  terminals.  The 
ired  mixing  term  +  1^2)  between  the  signal  and  reference  is  coherently 
med  at  the  lower  terminal  of  the  diode  ring  and  directed  into  a  common  output 
e.  In  addition  to  the  desired  mixing  term,  undesired  self-products  of  the 
nal  and  reference  {2^2)  arrive  at  the  output  terminal.  However, 


•  1 


which  coincide  with  those  from  the  bends.  The  response  of  the  quarter- 
wavelength  backward-wave  couplers  which  are  employed  for  sampling  the 
counter-propagating  waveforms  on  the  input  delay  line  are  within  2  dB  of  the 
expected  -22-dB  coupling  strength.  The  phase  response  of  the  couplers  tracks 
fairly  well  that  of  the  input  delay  line.  Calculations  of  the  magnitude  of  the 
reflection  at  a  single  tap  are  -48  db.  Means  for  further  reducing  these 
reflections  by  narrowing  the  conductor  in  the  tap  regions  can  be  implemented. 
However,  control  of  spurious  products  and  reflections  within  the  mixer  rings  as 
well  as  improved  packaging  is  more  important  at  this  time. 
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Figure  5.  Phase-vs-frequency  response  of  the  convolver  delay  line. 
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Figure  Ampl itude-vs-frequency  response  of  the  14-ns-long  meander 
delay  line  in  the  convolver. 
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10  to  20-clB  stop  bands  of  the  stripline  structure.  This  is  because  the 
stripline  configuration  yields  much  greater  isolation  between  adjacent  line 
sections  than  microstrip  and  provides  lower  impedance  discontinuities  at  the 
meander  line  bends. 

The  amplitude  and  phase  response  of  the  convolver  delay  line  is  plotted  in 
Figures  4  and  5  from  3.0  GHz  to  5.0  GHz.  About  4  dB  of  insertion  loss  and  j+lO” 
of  phase  distortion  are  associated  with  the  test  probe  and  coaxial  connectors. 
The  device  has  a  reasonable  amplitude  and  phase  response  from  about  3.4  GHz  to 
4.8  GHz.  The  discontinuity  which  occurs  at  about  3.3  GHz  may  be  associated  with 
the  presence  of  cavity  modes  or  other  packaging  problems  in  the  convolver 
structure.  The  phase  distortion  above  4.8  GHz  may  be  associated  with  both  the 
2nd  stop  band  and  cavity  modes.  Means  of  reducing  this  distortion  and  extending 
the  bandwidth  to  a  f ul 1  2  GHz  are  being  studied.  It  should  be  noted  that  the 
preliminary  convolver  with  microstrip  suffered  from  120*  of  quadratic  phase 
dispersion  across  a  similar  bandwidth,  and  an  additional  benr-Tit  of  using 
stripline  is  that  such  dispersion  is  removed,  as  can  be  seen  by  the  nearly  flat 
phase  response  away  from  resonances.  This  improvement  is  to  be  expected,  since 
in  stripline  all  of  the  electric  fields  are  confined  to  a  single  dielectric 
medium. 

Empirical  evidence  exists  that  when  the  bend  radius  of  the  corner  is 
greater  than  3  times  the  linewidth  of  the  meander  line,  no  significant 
reflections  should  be  observed  at  the  corners.  For  the  convolver  design,  curve- 
radius-to-1 inewidth  ratios  of  5.7  were  employed,  yet  reflections  of  several 
percent  are  observed  in  sections  of  the  delay  line  indicating  nonuniformities  in 
the  packaging  structure.  Forward  coupling  between  adjacent  straight-line 
sections,  caused  by  the  anisotropy  of  the  sapphire  dielectric  and/or  dielectric 
inhomogeneities  (e.g.,  voids  between  the  wafers),  can  also  cause  reflections 
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During  device  assembly  the  first  sapphire  substrate  with  the  major 
superconductive  circuits  is  placed  in  a  package  with  RF  connectors  extending  out 
the  bottom  side.  A  second  sapphire  substrate  with  another  niobium  ground  plane 
is  placed  against  the  input  delay  line  region  of  the  first  substrate  to  form  a 
stripline  circuit.  Alignment  of  these  two  substrates  to  each  other  is 
determined  by  slots  which  have  been  machined  in  the  base  package.  A  spring 
insert  plate  is  mounted  over  the  top  substrate  and  52  beryllium-copper  springs 
are  inserted.  A  central  cover  plate  is  then  added  which  compresses  the  springs 
and  holds  the  two  sapphire  substrates  in  intimate  contact.  Wire  leads  are 
bonded  between  the  device  pads  and  RF  connectors  for  electrical  connection. 
Finally,  two  additional  cover  plates  are  added  for  mechanical  protection  of  the 
device. 

The  meander  delay-line  design  for  this  device  consists  of  78  straight-line 
sections  connected  by  180-degree  bands.  Unfortunately,  these  bends  slightly 
perturb  the  line  impedance  and  cause  reflections.  With  careful  design,  the 
effect  of  the  reflections  can  be  minimized.  Because  the  bends  are  periodically 
spaced,  these  reflections  add  coherently  at  certain  frequencies  and  produce  stop 
bands  in  the  transini ssion  response  of  the  delay  line.  These  stop  bands  occur  at 
frequencies  of  N/2T5  where  N  is  a  positive  integer  and  ts  is  the  delay  per 
section.  The  design  intentionally  places  the  input  frequency  band  (3-5  GHz) 
between  the  1st  aod  2nd  stop  bands.  With  a  Tj  of  0.177  ns,  the  first  two  stop 
bands  were  expected  to  occur  at  about  2.8  and  5.6  GHz.  Measurements  on  the 
delay-line  response  indicate  a  stop  band  at  about  2.9  GHz  and  a  rather  complex 
set  of  reflections  occurring  from  5.4  to  about  5.8  GHz.  The  more  complicated 
structure  near  5  GHz  is  attributed  to  periodic  reflections  of  the  taps 
overlapping  with  those  of  the  corners.  As  a  comparison,  the  microstrip  meander 
line  of  the  earlier  convolver  had  30  to  50-d8  stop  bands  compared  to  the 
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Photograph  of  convolver  substrates  and  major  package  piece  parts 


the  low-impedance  (15-n)  output  line  to  a  standard  50-n  impedance.  Bias  current 
to  optimize  the  mixing  efficiency  is  distributed  from  ports  B1  and  B3  (or  B2  and 
B4).  Single-diode-ring  test  structures  are  provided  at  ports  D1  and  02. 
Significant  delay  line  and  tap  parameters  are  summarized  in  Table  I. 


TABLE  I 

OIODE-RING  CONVOLVER 


Parameter 

Number  of  Taps 

Tap-Pair  Periodicity 

Intra-pair  Tap  Spacing 

Spacing  of  Taps  along  Output  Line 

Input  Line  Impedance 

Output  Line  Impedance 

Total  Interaction  Length 

Time-Bandwidth  Product 

Substrate  Size 


Value 

50 

0.53  ns 
0.0625  ns 
0.028  ns 
50  0 
14  n 
14  ns 
28 

1"  X  1.6"  X  0.005" 

in  Figure  3. 


The  major  piece-parts  for  the  new  convolver  design  are  shown 
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The  interaction  in  the  convolver  can  be  expressed  by. 


vT 

c(t)  =  k  /  s(t-x/v)  r(t-T  +  x/v)  dx, 

0 

where  k  is  a  scale  factor.  When  r(t)  and  s(t)  are  properly  timed  and  also  of 
duration  less  than  T,  then  the  integrand  is  identically  zero  outside  the  limits 
of  the  integral,  and  hence  c(t)  is  precisely  the  convolution  (with  a  change  is 
time  scale  and  a  delay)  of  r(t)  and  s(t).  Since  convolution  and  correlation  are 
related  by  a  time  reversal,  a  convolver  serves  as  a  programmable  matched  filter 
when  r(t)  is  a  time-reversed  replica  of  the  desired  waveform. 

3.1.1  Delay-Line  Characteristics  and  Device  Packaging 

The  layout  of  junction-diode-ring  convolver  is  shown  schematically  in 
Fig.  2.  The  central  region  of  the  device  consists  of  a  meander  delay  line  with 
proximity  taps  fabricated  on  a  thin  (125-wm)  sapphire  substrate.  A  niobium 
ground  plane  is  deposited  on  the  opposite  side  of  this  substrate.  A  second 
sapphire  substrate  with  another  niobium  ground  plane  is  pressed  against  the 
delay  line  region  of  the  first  substrate  with  a  pressure-spring  arrangement. 

This  yields  a  14-ns-long  delay  line  in  a  stripline  configuration.  Signal  and 
reference  waveforms  are  entered  into  opposite  ends  (ports  lA  and  IB)  of  the 
delay  line.  Fifty  proximity  taps  sample  the  propagating  waveforms  and  direct 
the  sampled  energy  into  25  ring  mixers  located  along  both  sides  of  the  meander 
delay  line.  The  response  of  two  test  taps  can  be  measured  at  ports  TA  and  TB. 
The  mixing  products  formed  in  the  diode-ring  structure  are  collected  by  two 
microstrip  lines  and  summed  at  output  ports  01  and  02.  Ports  03  and  04  at  the 
opposite  ends  of  the  output  lines  are  terminated  in  their  characteristic 
impedance.  A  short  section  of  tapered  transmission  line  is  used  to  transform 
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REFERENCE 


Schematic  of  the  superconductive  convolver. 


3.0  Progress  Report 

Significant  advances  have  been  made  in  the  development  of  superconductive 
devices  for  analog  signal  processing  applications  during  the  past  year.  A  new 
convolver  design  with  junction-ring  mixers  has  been  fabricated  and  demonstrated 
as  a  programmable  matched  filter  for  wideband  waveforms.  The  successful 
implementation  of  junction-ring  mixers  in  the  device  is  providing  significantly 
higher  convolver  output  power  levels  (to  -58  dBm),  conversion  to  stripl ine-type 
delay  structures  is  yielding  reduced  phase  distortion,  and  a  new  package  design 
is  providing  significantly  more  reliable  device  characteristics.  Preliminary 
design  work  and  technology  development  has  been  completed  on  structures  which 
will  provide  extended  convolver  TB  products  in  forthcoming  devices.  Many  of  the 
features  of  the  improved  convolver  design  were  described  in  a  paper  presented  at 
the  1984  Applied  Superconductivity  Conference,  Appendix  C. 

3.1  Junction-Ring  Convolver 

Operation  of  the  superconductive  convolver  is  shown  schematically  in 
Fig.  1.  A  signal  s(t-x/v)  and  a  reference  r(t-T  +  x/v)  counterpropagate  along 
a  superconductive  delay  line  having  a  propagation  velocity  v  and  time  delay  T  in 
the  X  direction.  Samples  (delayed  replicas)  of  the  two  counterpropagating 
signals  are  taken  at  discrete  points  by  proximity  taps  weakly  coupled  to  the 
delay  line.  The  sampled  energy  is  directed  into  superconductive  tunnel 
junctions  which  produce  mixing  products.  The  mixing  products  are  spatially 
integrated  by  summing  in  multiple  nodes  connected  to  a  short  transmission  line. 
The  summed  energy  which  appears  at  the  output  port  of  the  device  includes  the 
desired  cross  product  c(t)  and  undesired  self  products  of  signal  and  reference 
as  well  as  higher  order  terms.  Because  both  of  the  spatial  patterns  are  moving, 
there  is  a  halving  of  the  time  scale  at  the  output;  that  is,  the  center 
frequency  and  bandwidth  are  doubled. 
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increasingly  important  to  provide  electronic  countermeasure  resistance  and 
low-probability-of-intercept  in  military  communication  systems.  A 
lO-GHz-bandwidth  convolver  for  100-nsec-long  pseudo-noise  wav^orms  would 
provide  a  robust  communication  link  for  10-MHz  data  transmission. 

Development  of  a  superconductive  time-integrating  correlator  would  involve 
the  addition  of  resonator  and  readout  circuits  to  the  convolver  structure.  This 
compact  device  would  be  useful  in  a  variety  of  applications.  In  a 
spread-spectrum  communication  link,  it  could  measure  the  relative  timing  between 
a  reference  code  and  an  arriving  signal,  facilitating  rapid  acquisition  of 
system  synchronization.  A  related  application  would  permit  the  location  of 
wideband  emitters  and  jammers.  This  device  could  also  be  used  to  process  burst 
waveforms  in  small  mm-wave  radars  with  necessarily  constrained  power- aperture 
products.  Yet  another  application  would  be  as  a  wideband  spectrum  analyzer  with 
electronically  programmable  resolution  in  an  electronic  intelligence  system  or 
in  a  wideband  warning  receiver. 


Rapid  spectral  analysis  over  an  instantaneous  bandwidth  of  2.4  GHz  has 
recently  been  demonstrated  utilizing  superconductive  dispersive  delay  lines  in  a 


chirp-transform  configuration.  Two-tone  resolution  of  43  MHz  and  ±  1.2-dB 
amplitude  uniformity  were  achieved.  The  application  of  superconductive  chirp 
lines  to  wideband  spectral  analysis  is  sponsored  by  the  Defense  Advanced 
Research  Projects  Agency. 

2.3  Applications  and  Advantages 

Analog  signal  processing  components  such  as  charge-coupled  devices  (CCD) 
and  surface  acoustic  wave  (SAW)  devices  are  often  employed  as  processors  to 
provide  real-time  processing  capability  with  bandwidths  of  10  to  500  MHz. 

Optical  signal  processing  components  are  being  developed  which  may  extend  the 
bandwidth  capability  to  2  GHz.  But  emerging  needs  are  requiring  real-time 
signal  processing  capabilities  in  the  1  GHz  to  10  GHz  regime.  Only 
superconductive  signal  processing  components  have  the  potential  of  fulfilling 
this  need. 

A  family  of  superconductive  analog  devices  is  being  developed  at  Lincoln 
Laboratory.  The  first  device  to  be  developed  is  a  superconductive  convolver. 

It  is  expected  that  this  device  will  provide  real-time  signal  processing  over 
2  GHz  to  10  GHz  bandwidths  with  potential  signal-processing  gains  of  1000.  The 
development  work  on  the  superconductive  convolver  will  logically  feed  forward 
into  the  development  of  a  time-integrating  correlator.  Signal-processing  gains 
up  to  100,000  are  projected  for  this  device.  Low-bandwidth  versions  (<  200  MHz) 
of  both  devices  exist  in  acoustoelectric  technology. 

Applications  for  a  superconductive  convolver  would  include  spread-spectrum 
communication  systems  in  the  microwave  and  mm-wave  regions.  The  use  of 
continually  changing  codes  for  spectrum  spreading  over  multi-GHz  bandwidths 
would  provide  substantial  jam-resistance  and  covertness.  It  is  becoming 


the  self-products  from  the  two  arms  of  the  ring  arrive  at  the  output  terminal 
approximately  180*  out  of  phase  and  effectively  cancel  each  other.  Computer 
simulation  indicates  that  this  technique  has  the  potential  of  providing  a  14-dB 
suppression  of  this  spurious  output  over  the  desired  40%  fractional  bandwidth. 
Tests  on  individual  junction-ring  mixers  indicated  a  nominal  10-dB  suppression 
of  this  spurious. 

The  response  of  the  convolver  to  two  14-ns-long  gated-cw  tones  centered 
near  3  GHz  is  shown  in  Fig.  6.  The  output  waveform  approximates  the  triangular 
shape  expected  from  the  convolution  of  two  nearly  square  input  pulses.  The  peak 
power  of  the  output  waveform  was  -62  d&ti  for  input  power  levels  of  about 
-15  dBm.  The  saturation  level  Ps  of  this  device  is  about  18-dB  larger  than 
was  obtained  with  the  preliminary  convolver.  Most  (12  dB)  of  this  improvement 
is  due  to  the  series  junction  array  with  the  remaining  portion  being  largely 
attributed  to  a  reduction  in  parasitic  capacitance. 

The  efficiency  factor  for  convolvers  is  commonly  defined  by 

F  =  10  log  Po/(PrPs)  dBm  (1) 

where  Ps  and  P^-  are  the  signal  and  reference  input  powers  and  Pq  is  the 
output  power  of  the  desired  product,  all  expressed  in  mW.  The  F  factor  of  the 
superconductive  convolver  can  be  expressed  as 

F  =  10  log  {Ai)(Ap)(Ci2)(M2)(To2)(RL),  (2) 

where  Ai  is  the  attenuation  and  signal  depletion  on  the  input  delay  line,  Ap 
is  the  total  loss  on  the  coaxial  dewar  leads,  Ci  is  the  input  coupling  factor 
(proximity  taps),  M  is  the  efficiency  factor  of  an  individual  junction-ring 


mixer  and  is  the  load  (output  transmission  line)  impedance.  Predictions 
for  Ai ,  Ap  and  Ci  are  readily  obtained  from  standard  transmissioti-1  ine 
models  and  confirmed  with  standard  RF  insertion-loss  and  resonator  Q 
measurements.  Circuit  models  have  been  developed  to  predict  mixer  efficiency  M 
and  the  output  circuit  transfer  function  Tq.  RF  measurements  on  individual 
SIS  diodes  confirm  the  predictions  for  M.  Predicted  and  measured  values  for  the 
convolver  design  are  listed  in  Table  II.  The  considerable  uncertainty  in  the 
measured  values  for  Ai  and  Ci  is  due  to  frequency  ripple  in  the  measurement 
of  the  proximity  coupler  response  and  the  cumulative  effects  of  reflections  both 
within  the  meander  line  and  from  the  coaxial-line  terminations  of  the  test  set. 

TABLE  II 

PREDICTED  AND  MEASURED  PARAMETERS  FOR  SUPERCONDUCTIVE  CONVOLVERS  WITH 

JUNCTION-RING  MIXERS. 

PARAMETER  PREDICTED  MEASURED 


=<  1  dB 

-2  +  2  dB 

Ap 

-  6  dB 

-5  dB 

Ci 

-24  dB 

-23  +  3  dB 

M 

40  A/W 

- 

MTo 

200  A/W 

100  A/W 

F 

-28  dBm 

-32  dBm 

A  plot  of  CW  output  power  from  the  50  tap  convolver  as  a  function  of  input 
signal  level  is  shown  in  Fig.  7.  For  this  measurement,  the  reference  power 
level  was  held  at  a  constant  -10  dBm. 
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Figure  7.  CW  output  power  from  convolver  as  a  function  of  input  signal 
power  with  fixed  reference. 
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3.1.3  Wideband  Measurements 

The  junction-ring  convolver  has  recently  been  demonstrated  as  a 
programmable  matched  filter  for  near  l-GHz-bandwidth  chirped  waveforms.  Input 
waveforms  consisting  of  a  flat-weighted  upchirp  and  a  complementary  downchirp 
were  applied  to  the  signal  and  reference  ports  of  the  convolver.  The  waveforms 
were  generated  by  two  of  the  superconductive  tapped-del ay-1 ine  filters  being 
developed  for  the  BMDATC  program.  The  waveforms  had  chirp  slopes  of  about 
62  MHz/ns  and  were  effectively  truncated  to  instantaneous  bandwidths  of  about 
0.85  GHz  by  the  14-ns-long  interaction  length  of  the  convolver. 

The  resultant  output  waveform  shown  in  Fig.  8  has  a  bandwidth  of  about 
1.7  GHz.  Use  of  flat-weighted  chirps  with  adequate  TB  products  should  yield  a 
(sin  x)/x  response  with  a  null-to-null  width  of  1.2  ns  and  peak  relative  side 
lobes  of  -13  dB.  A  null-to-null  width  of  1.5  ns  was  observed  with  excessively 
high  -7-dB  side-lobe  levels.  These  distortions  are  attributed  primarily  to 
mixer  products  produced  from  undesired  leakage  and  electromagnetic  feedthrough 
of  input  signal  onto  the  output  line.  In  the  next  stage  of  the  device 
development,  the  spurious  sidelobe  levels  will  be  reduced  by  improved  design  of 
the  input  and  output  transmission-line  circuits. 
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Figure  8.  Output  of  junction-ring  convolver  with  input 
of  complementary  linear  chirps. 


26 


3.2  Extension  of  convolver  performance 


Design  studies  and  experiments  were  carried  out  to  evaluate  steps  which 
could  be  taken  to  reduce  spurious  levels  in  the  current  convolver  design  and  to 
extend  TB  products  in  future  designs. 

3.2.1  Reduction  of  spurious  signal  levels 

To  realize  our  goal  of  a  practical  signal  processing  device,  the  linear 
dynamic  range  of  the  convolver  must  exceed  its  signal  processing  gain.  The 
dynainic  range  of  a  convolver  is  defined  as  the  ratio  of  the  output  power  level 
at  which  the  device  begins  to  saturate  (e.g.,  where  F  is  changed  by  1  d8)  to  the 
power  level  of  the  spurious  signals  or  system  thermal  noise  floor  kTB,  whichever 
is  greater.  With  current  amplifier  technology,  the  thermal  noise  floor  at  4  GHz 
bandwidths  is  limited  to  about  -78  dBm.  Spurious  signal  levels  vary 
considerably  across  the  operating  frequency  band  but  in  general  are  above  the 
thermal  noise  floor  and  hence  are  the  limiting  factor  in  convolver  operation. 

The  junction-ring  configuration,  as  do  other  balanced  or  doubly-balanced 
mixer  designs,  cancels  the  even-harmonic  signal  (2u)s)  and  reference  (2u)r) 
self-product  terms  but  can  do  little  for  many  of  the  undesired  odd-harmonic 
terms  (Bws-wp,  3a)f-us,  etc).  These  undesired  cross  products  have  the 
potential  of  being  effectively  suppressed  because  the  desired  convolution 
product  has  a  relatively  slow  phase  progression  on  the  output  line  compared  with 
the  undesired  mixer  products;  thus  the  spatial  summation  of  the  undesired 
products  tends  to  average  to  zero.  However,  the  taps  in  a  superconductive 
convolver  are  discrete,  and  simple  periodic  tap  configurations  will  not  only  sum 
the  desired  product,  but  deliver  substantial  output  at  certain  frequencies  for 
the  undesired  products  as  well.  A  tap  placement  scheme  with  a  pseudorandom 


spacing  (or  chirped  spacing)  along  the  meander  delay  line  has  been  studied  and 
can  suppress  these  undesired  mixing  products  by  1/V¥  (or  1/N)  where  N  is  the 
number  of  tap  pairs.  This  has  not  been  implemented  in  the  current  convolver 
design,  but  may  be  essential  in  future  designs. 

The  desired  (>14  dB)  suppression  of  signal  and  reference  self-products  has 
not  been  realized  in  the  junction-ring  convolvers  fabricated  and  evaluated  to 
date.  This  has  been  traced  to  three  probable  causes:  (1)  The  response  of  the 
current  coupler  configuration  is  dependent  on  the  direction  of  propagation  on 
the  input  delay  line  and  hence  true  balanced  inputs  are  not  delivered  to  the  two 
input  ports  of  the  convolver;  (2)  when  the  impedance  of  the  tunnel-junction 
mixers  is  not  properly  controlled,  severe  impedance  mismatches  can  occur  at  the 
coupler/mixer  interface  which  results  in  multiple  reflections  in  the  coupler  and 
phase  distortion  of  the  input  signals;  and  (3)  measurements  indicate  that 
excessive  (=■ -30  d6)  coupling  of  input  signal  onto  the  output  summing  line  and 
bias  line  is  occurring.  This  causes  adjacent  mixers  to  interact  with  each 
other,  providing  another  potential  source  of  phase  distortion. 

A  new  coupler  design,  shown  in  Fig  9,  has  been  examined  as  a  means  of 
resolving  the  problems  associated  with  the  coupler/mixer  imbalances  and 
impedance  mismatches.  In  this  design  the  couplers  are  symmetrical  with  respect 
to  both  the  mixer  input  ports  and  input  delay  line.  This  configuration  is 
expected  to  deliver  equal  samples  of  the  signal  (or  reference)  waveforms  to  both 
input  ports  of  the  mixer.  The  couplers  themselves  and  the  RF  leads  to  the  ring 
mixer  are  deliberately  kept  short  (<<X/4)  so  that  the  coupler  is  effectively  a 
lumped  element  (capacitor)  and  the  effects  of  line  reflections  become 
substantially  less  of  a  problem.  This  design  does  require  additional  bends  in 
the  input  delay  line  and  possibly  compensation  for  the  frequency-dependent 
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response  of  the  coupler.  Couplers  of  this  type  are  being  fabricated  and  will  be 
evaluated  for  possible  implementation  on  the  next  convolver  design.  An 
alternative  approach  is  to  add  a  resistive  pad  in  series  with  the 
superconductive  (niobium)  coupler  so  that  the  propagation  path  has  several  dB  of 
loss  and  multiple  reflections  are  more  rapidly  attenuated. 

Undesired  RF  coupling  between  the  input  delay  line  and  the  output  line  can 
be  reduced  by  physically  increasing  the  line-to-line  separation  or  by  conversion 
from  the  current  microstrip  structure  to  stripline.  The  implementation  of 
high-pass  filters  at  each  mixer  has  been  explored  as  an  alternative  approach. 

In  terms  of  simplicity  and  the  conservation  of  substrate  area,  the  first 
approach  appears  to  be  the  most  desirable  at  the  present  time. 


3.2,2  Extension  of  Time-Bandwidth  Product 

The  maximun  potential  signal-processing  gain  of  an  analog  device  is  equal 
to  its  time-bandwidth  (TB)  product,  where  T,  the  interaction  time,  is  the  total 
delay  length  of  the  device  over  which  the  waveform  is  adequately  sampled  and  B, 
the  bandwidth,  is  limited  to  the  frequency  range  over  which  the  amplitude  and 
phase  response  of  the  device  is  well  behaved.  Adequate  sampling  requires  that 
the  time  delay  between  any  two  complex  samples  of  the  waveform  not  exceed  1/B. 
The  convolver  design  described  in  this  report  has  a  maximum  tap-delay  spacing  of 
about  0.47  ns  for  a  potential  bandwidth  slightly  greater  than  2  GHz  and  a  delay 
time  of  about  14  ns;  thus  it  has  a  nominal  TB  product  of  30. 

Progress  has  been  made  in  both  the  technology  required  to  realize  longer 
interaction  lengths  and  in  conceptual  designs  which  incorporate  substantially 
larger  numbers  of  composite  tap/mixer  sections. 

The  greatest  technical  stress  in  extending  the  time-bandwidth  product  of 
the  convolver  is  in  increasing  the  interaction  length  to  well  beyond  the  current 
14  ns  while  keeping  amplitude  and  phase  characteristics  under  even  tighter 
control.  To  minimize  distortions  associated  with  adjacent  line  coupling,  the 
closest  transmission  line  sections  must  be  spaced  at  least  3.5  times  the 
thickness  of  the  dielectric  substrate.  Therefore,  dielectric  thickness 
determines  the  spacing  between  lines  and  hence  the  maximum  delay  per  unit  of 
substrate  surface  area.  We  are  currently  employing  substrates  of  125-ijm 
thickness.  As  mentioned  earlier,  low-loss  silicon  substrates  that  have  been 
bonded  to  carriers  and  thinned  to  15  urn  are  currently  being  developed  under  AF 
Line  sponsorship.  We  expect  high-quality  thin  dielectrics  to  be  available  for 
device  development  during  the  next  phase  of  the  AFOSR  program.  This  will  allow 
the  fabrication  of  programmable  devices  with  interaction  lengths  of  200  ns  on  a 
single,  6-cm-di ameter  substrate.  Even  larger  delays  could  be  realized  by 


tacking  multiple  wafers  with  the  packaging  designs  currently  under  development 
or  the  BMDATC  program. 

A  "daisy-wheel"  delay  line  structure,  shown  in  Fig.  10,  has  been  conceived 
ind  investigated  as  an  alternative  to  the  present  "meander-line"  structure.  The 
lodified  structure  will  maximize  the  utilization  of  the  surface  area  of  the 
ound  substrates.  A  convolver  with  a  TB  product  of  100  can  be  fabricated  on 
25-vim-thick,  7.6-cm-diameter  substrates.  Thinner  substrates  would  allow  even 
ireater  circuit  density  and  correspondingly  larger  convolver  TB  products.  To 
lave  a  TB  product  of  100,  a  like  number  of  mixers  is  required.  The  mixers  and 
lutput  lines  will  be  located  around  the  outer  edges  of  the  "daisy-wheel"  design, 
ind  refinements  demonstrated  for  spurious  suppression  on  the  current  meander 
;onf iguration  will  be  incorporated  into  the  "daisy-wheel"  configuration. 


Figure  10.  Proposed  "daisy-wheel"  convolver  structure. 


]  Time-Integrating  Correlator 

The  time-integrating  correlator  requires  three  new  components  in  addition 
those  already  developed  for  the  convolver.  These  are  integrators,  peak 
Lectors,  and  an  output  multiplexer.  New  components  to  fulfill  these  functions 
je  been  conceived  and  analyzed.  These  components  are  expected  to  provide 
Dstantial  functional  improvements  over  the  components  originally  proposed, 
e  next  step  will  be  to  fabricate  these  devices  and  evaluate  both  their 
dividual  performance  and  their  response  in  an  integrated  structure. 

Integrators/Peak  Detectors 

In  the  original  concept,  the  integrators  were  stripline  resonators 
erating  at  a  frequency  of  =■  2  GHz  and  with  required  quality  factors  Q  in 
;:ess  of  10^.  For  a  bandwidth  comparable  to  this  resonant  frequency,  the 
ne-bandwidth  product,  and  hence  the  potential  signal-processing  gain,  is 
-  50  dB.  The  use  of  very  high-Q  resonators  posed  several  technical 
allenges.  These  include  the  need  for  sufficient  coupling  between  the 
senators  and  the  peak  detectors  and  the  SIS  mixers  to  provide  an  adequate 
gnal  without  excessive  loading  which  would  degrade  the  Q;  the  requirement  for 
gligible  unwanted  coupling  between  resonators;  and  the  need  for  precise 
iformity  in  the  resonant  frequencies.  Of  these  three  requirements  the  need 
r  precise  uniformity  (>1/Q)  of  the  resonant  frequencies  appeared  to  be  the 
St  difficult  to  achieve. 

Josephson  junctions  will  switch  prematurely  out  of  the  zero-voltage  state 
en  the  current  through  the  junction  is  smaller  than  the  "true"  critical 
rrent  because  of  either  thermal  or  external  noise.  The  noise  in  the  measured 
itical  currents  is  typically  5  uA  at  4.2  K.  For  such  a  junction  to  serve  as  a 
ak  detector  with  a  dynamic  range  of  40  dB,  therefore,  ac  signal  amplitudes  of 
3  uA  are  required. 
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Fiq.  3  Photograph  of  a  superconductive  convolver  fabricated  on  2.5-cm 
by  4-cm  sapphire  substrate.  Inset  shows  wideband  (»  1.6  GHz) 
compressed  pulse  output. 

"he  projected  bandwidths  for  several  analog  signal  processing 
devices  are  shown  in  Fig.  4.  Charge-coupled  devices  (CCDs)  occupy  a 
oandwidtn  reoime  which  is  being  compressed  on  the  bottom  by  digital 
systems  and  on  the  top  by  acoustic  devices.  Acoustic  devices  for 
signal  processing  exist  in  wel 1 -engi neered  forms  and  currently  operate 
near  the^>  projected  bandwidth  limits  of  several  hundred  megahertz, 
lotical  and  superconductive  devices  exist  in  a  less  advanced  state  of 
ievelooment,  out  the  superconductive  devices  already  provide 
considerably  larger  bandwidths  than  available  from  acoustic  devices, 
'he  s’ona’  processing  gain  available  from  most  of  these  analog  devices 
will  nange  *rgm  somewhat  under  10^  to  lO'^. 

:  .3  DlGl'tL  'IG^iAL  PPOCESSI^iG 

In  the  oast  year  we  have  seen  the  discontinuation  of  several 
' aroe  ccmrercial  efforts  to  build  digital  circuits  and  a  general 
purpose,  "la’n^'rame  computer  with  Josephson  technology.  A  development 
e‘’fort  at  ISM  extended  over  more  than  a  decade  and  brought  forth  many 
-^xc't’na  new  teveloDments  in  technology,  circuit  concepts,  cryogenics 
and  syste'ns  engineering  (7).  The  uoseonson  technology  itself  tailed, 

’  aroel  V  t"''o  jgn  a  lack  of  useful  power  gain,  to  provide  adequate 
iesign  r;ar;""s  for  the  essential  nign-speeo  memory  ^ith  tne  required 
extreme'  /  'ow  e'^ror  rates.  'I’his  should  not  be  vieweci  as  a  tjndamental 
1 m t ,  out  nether  an  inaoility  to  reacn  tne  commercial  marxetp’ace  in 
a  t’Tie'/  ‘^asnion.  Other  cryogenic  concepts  and  techno'' ogies  may  one 
lay  prov'ae  this  gain  and  a  superconductive  m.j’ntr’me  computer  c^ort 
m  a  V  0*=“  n  s  t  ated  . 

a  n 
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Fig.  2  Photograph  of  superconductive  tapped  delay  line  fabricated  on 
S-cm-di ameter  silicon  substrate  with  Haimiing  weighting.  Inset 
shows  compressed  pulse  output  of  this  2.3-GHz  bandwidth, 
37.5-ns  dispersion  device. 

response  is  shown  in  the  inset  in  Fig.  3.  The  high  spurious  levels 
are  due  to  the  formation  of  undesired  products  in  the  mixing 
interaction.  With  a  dynamic  reference,  these  devices  can  provide 
programmable  matched  filtering.  Alternatively,  a  time  integrating 
correlator  can  be  realized  by  replacing  the  summation  output  lines 
with  individual  superconducting  resonators,  and  by  using 
superconductive  logic  to  provide  the  readout  function.  Signal 
processing  bandwidths  of  10  GHz  and  TB  products  of  1000  and  more  are 
projected  for  both  the  passive  and  programmable  superconductive 
devices . 

^Mthough  the  time-integrating  devices  provide  a  convenient  time 
buffering  of  the  data,  many  analog  signal  processing  devices  transform 
signals  from  one  parameter  range  (e.g.,  frequency)  to  another  (e.g., 
time)  without  providing  any  significant  reduction  in  data.  The  output 
of  devices  such  as  the  pulse  compressor  and  convolver  must  be  sampled 
at  their  Tull  bandwidth  and  decisions  be  made  with  high-speed  digital 
logic.  Circuits  to  perform  these  functions  can  be  provided  very 
conveniently  by  superconductive  technology.  Several  research 
laboratories  '5', '61  are  developing  analog/digital  (A/0)  converters 
with  superconductive  circuits.  Three-bit  accuracies  with  about  a 
j.5-GHz  analog  bandwidtn  have  been  demonstrated,  with  the  primary 
limitation  being  tne  lack  of  an  adequate  sample  and  hold. 
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Fig.  1  Propagation  loss  per  wavelength  of  delay  for  acoustic  and 
superconductive  delay  lines. 

be  about  three  orders  of  magnitude  larger.  The  same  superconductive 
technology  provides  dense  interconnects  for  signal  transmission  in 
digital  circuits. 

A  pulse  expander/pulse  compressor  has  recently  been  realized  at 
Lincoln  Laboratory  (3)  by  integrating  superconductive  transmission 
lines  and  proximity  couplers  on  a  5-cm-di ameter  silicon  wafer,  as 
shown  in  Fig.  2.  The  tapped-del ay-1 ine  structure  currently  provides  a 
signal  processing  bandwidth  of  2.3  GHz  and  a  TB  product  of  86  with 
measured  amplitude  ripple  of  1.5  dB  and  phase  deviations  from 
quadratic  of  9  degrees  rms.  The  compressed  pulse  for  a  Hamming- 
weighted  linear-frequency-modulated  chirp  waveform  is  shown  in  the 
inset  in  Fig.  2;  it  has  a  respectable  peak-to-side-lobe  level  of 
27  dB.  Side-lobe  levels  of  -40  dB  are  expected  in  refined  devices. 

By  adding  to  a  tapped  delay  line  structure  both  mixers  for 
multiplication  and  a  microstrip  line  for  spatial  summation,  the 
generic  functions  of  convolution  or  correlation  can  be  realized.  Such 
a  programmable  device  is  being  developed  at  Lincoln  Laboratory  (4).  A 
photograph  of  a  superconducting  convolver  is  shown  in  Fig.  3.  A 
meander  line  provides  delay,  50  proximity  couplers  provide  sampling, 

25  junction-ring  mixers  provide  local  multiplication  and  two  short 
transmission  lines  provide  summation  (or  integration)  and  output. 

This  device  has  recently  been  demonstrated  with  both  gated-cw  input 
tones  and  wideband  (-  1  GHz)  chirped  waveforms.  The  wideband  output 
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duplicate  the  desired  signal-processing  function.  Such  integrated 
components  must  simultaneously  perform  multiple  functions  such  as 
delay,  distributed  multiplication  and  summation  with  often  very 
stressing  requirements  (1).  A  list  of  these  functions,  along  with  the 
most  stressing  requirements  and  the  superconducting  component  which 
can  fulfill  the  particular  function,  is  given  in  Table  1.  Some  of  the 
functions,  notably  multiplication  and  readout,  may  be  provided  by 
cooled  semiconductor  circuits  with  the  potential  for  higher  dynamic 
ranges  but  at  the  cost  of  greater  cooling  requirements. 

TABLE  I  Functions  Required  for  Analog  Signal  Processing 


Function 

Requirement 

Component 

Del  ay 

Low  Dispersion 

Low  Loss 

Compactness 

Stripl ine 

Tapping 

Accurate  Weights 

Proximity 

Coupler 

Mul tipi ication 

Adequate  Dynamic 

Range 

Mixer 

Spati al 

Summation 

Phase  Coherence 

Microstrip 

T  ime 

Integration 

Adequate  Storage 

Time 

Resonator 

Readout 

Sensitivity 

Logic 

The  most  significant  figure  of  merit  for  the  signal  processing 
system  is  processing  gain.  This  is  defined  as  the  improvement  in  the 
s'gnal-to-noise  ratio  of  the  output  signal  relative  to  the  input 
s'Qnal.  "^he  maximum  potential  processing  gain  of  a  device  is  equal  to 
•ts  t ime-oandwidth  (TB)  product,  and  in  we 1 1 -engineered  integrations 
0^  device  and  peripheral  electronics  this  maximum  processing  gain  can 
Pe  realized  to  within  about  1  dB. 

One  of  the  most  stressing  requirements  of  analog  signal 
processing  is  the  need  to  provide  for  temporary  storage  of  several 
thousand  wavelengths  of  analog  signal  without  excessive  phase  or 
amplitude  distortion.  Acoustic  technology  has  filled  a  substantial 
niche  in  signal  processing  applications  because  acoustic  waves  can 
provide  low-loss  delays  with  small  phase  distortions  (2). 
Superconductive  technology  can  provide  low-loss  transmission  lines  on 
dielectric  substrates  with  much  shorter  delays  than  available  from 
acoustic  devices  but  with  at  least  an  order  of  magnitude  increase  in 
bandwidth  iT.  "he  loss  per  wavelength  of  delay  for  both  structures 
is  plotted  -n  1  as  a  function  of  frequency.  Projected  losses  are 

shown  'or  Ray'e’gn  waves  on  lithium  niobate  at  300  K  and  for  niobium 
microstr’p  ’ines  at  i.2  <  on  25-um-thick,  low-loss  substrates. 
Compario’e  'osses  with  normal  metal  transmission  lines  at  4.2  K  would 
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FUTURE  OF  CRYOGENIC  DEVICES  FOR  SIGNAL  PROCESSING  APPLICATIONS* 


S.  A.  Reible 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology 
Lexington,  Massachusetts  02173  -  0073 


1.1  INTRODUCTION 


The  principal  advantages  of  superconductive  circuits  in  both 
analog  and  digital  applications  are  high  switching  speed  (hence  large 
bandwidth),  low  propagation  loss  and  low  power  dissipation.  In  spite 
of  rapid  advances  in  semiconductor  and  other  competing  technologies, 
superconductive  circuits  continue  to  maintain  a  nominal  order-of- 
magnitude  advantage  in  speed.  Superconductive  circuits  operate  at 
very  low  power  levels,  but  the  need  to  provide  a  cryogenic  environment 
eliminates  most  of  their  advantage  when  canparing  total  power 
requirements.  However,  the  low  power  dissipation  translates  to  a 
potential  advantage  in  circuit  density. 

The  distinct  speed  advantage  of  superconductive  technology  will 
find  its  greatest  usage  in  real-time  signal  processing.  Potential 
applications  include:  correlation  and  analysis  of  wideband  signals, 
matched  filtering,  and  integrated-focal-plane-array  processing. 
Bandwidths  of  10  GHz  and  signal  processing  gains  of  1000  and  beyond 
are  projected  for  superconductive  correlators  and  other  signal - 
processing  devices.  Direct  signal  processing  of  gigahertz-bandwidth 
signals  will  allow  very  high  resolution  and  possibly  even  three- 
dimensional  details  to  be  determined  for  identification  and 
classification  purposes  at  high  frame  rates.  Furthermore,  because 
many  future  systems  will  require  cryogenic  sensors  (e.g.,  for  mm-wave 
or  infrared  radiation),  the  superconductive  circuits  can  be  integrated 
into  the  sensor  module  with  little  additional  investment  in  power  or 
space.  Hybrid  analog/digital  signal-processing  architectures 
implemented  with  cryogenic  circuits  will  extend  the  available 
processing  gain  in  noisy  environments. 

This  paper  will  describe  some  of  the  essential  functions 
required  for  analog  and  digital  signal  processing.  Cryogenic  circuits 
can  fulfill  all  of  the  required  functions  for  signal  processing,  often 
with  more  than  an  order  of  magnitude  increase  in  bandwidth  capability 
over  that  which  is  available  from  existing  room-temperature  circuits. 

1.2  ANALOG  SIGNAL  PROCESSING 


To  perform  analog  signal  processing  it  is  necessary  to  configure 
a  structure  or  a  collection  of  components  whose  equations  of  motion 
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translates  into  maximum  operating  margins.  Thus,  we  believe  that  this  design 
can  be  successfully  implemented  using  the  existing  Nb-Nb205-Pb  fabrication 
capability.  Also,  it  can  be  fabricated  either  on  the  same  substrate  as  the 
analog  portion  of  the  correlator  or  could  be  fabricated  on  a  separate  substrate 
and  interfaced  to  the  analog  circuit  inductively. 


the  address  line  connected  to  that  channel  and  is  encoded  by  the  address 
encoders  according  to  its  binary  address.  Superconducting  quantum  interference 
devices  (SQUIDs)  latch  into  the  voltage  state  in  response  to  the  current 
diverted  by  the  switching  of  the  peak  detector.  The  function  of  the  complement 
address  gate  is  to  ensure  that  the  state  of  the  address  gate  does  not  change  in 
the  event  a  second  threshold  detector  switches  until  the  first  address  is  read 
out  and  the  gates  are  reset. 

For  applications  which  require  readout  of  the  contents  and  address  of  only 
a  single  channel  corresponding  to  the  correlation  peak,  minimal  additional  logic 
is  required.  If  the  application  requires  output  from  more  than  one  channel, 
additional  logic  is  required  and  can  be  implemented  either  on  or  off  chip, 
depending  on  the  systems  requirements.  For  example,  the  maximum  performance 
could  be  achieved  (at  the  expense  of  the  maximum  complexity)  by  shifting  the 
contents  of  the  address  gates  into  a  superconducting  shift  register,  along  with 
the  contents  of  a  clock  register.  Josephson  logic  would  then  automatically 
reset  the  address  gates.  This  readout  operation  could  be  achieved  at  a  rate 
much  faster  than  the  100  MHz  quoted  earlier,  so  that  the  likelihood  of  losing 
any  data  when  channels  have  near-equal  contents  could  be  kept  small. 
Alternatively,  the  clocking  and  reset  operation  could  be  accomplished  using 
room-teTiperature  electronics. 

This  content-sequential  readout  scheme  is  especially  well  suited  for 
implementation  with  Josephson  logic,  because  it  exploits  threshold-sensitive 
latching  logic.  The  serial  fanout  allowed  by  using  magnetically  coupled 
Josephson  logic  allows  all  2n  address  gates  to  be  driven  with  each  address  line 
and  also  allows  many  inputs  to  be  coupled  to  a  single  OR  gate.  This  design  uses 
a  minimal  number  of  logic  gates,  thus  maximizing  fabrication  yield.  The  use  of 
a  single  level  of  logic,  provided  by  the  multi-input  OR  gates  and  serial  fanout. 


ADDRESS  LINES 
FROM  PEAK 
DETECTORS 


•  •  •  • 


ADDRESS  (and  Complement) 
OUTPUTS 


Figure  11.  Address  encoder  for  superconductive  time-integrating  correlator. 


determined  to  1/100  of  a  cycle,  or  3.6".  This  phase  uncertainty  is  commensurate 
with  the  amplitude  uncertainty  for  a  near  full-scale  signal  imposed  by  noise  in 
the  peak  detectors. 

On  the  other  hand,  a  lower  Q  reduces  the  precision  of  the  amplitude 
measurement,  since  the  amplitude  decays  by-  1/Q  per  cycle.  However,  the 
precision  is  still  better  than  1%  for  a  Q  of  “  400,  and  substantially  greater 
precision  could  not  be  achieved  anyway  because  of  the  precision  of  the  peak 
detectors.  Thus,  with  very  little  sacrifice  in  amplitude  precision,  the  new 
design  has  the  potential  for  providing  useful  phase  information  which  was  not 
possible  with  the  original  design. 

3.3.2  Sequential  Readout 

Every  data  frame  output  by  the  correlator  may  contain  data  from  up  to 
approximately  1000  individual  channels,  each  corresponding  to  a  slightly 
different  time  delay.  If  each  channel  were  to  be  serially  accessed,  the  output 
data  rate  would  be  about  100  MHz.  However,  for  most  applications,  particularly 
those  related  to  emitter  location  or  communications,  only  those  channels  with 
the  largest  contents  are  of  interest.  A  readout  scheme  which  addresses  the 
channels  in  order  of  magnitude  of  their  contents  (content-sequential  order), 
rather  than  in  address-sequential  order,  is  desirable  for  these  applications, 
since  it  would  automatical ly  perfonn  the  function  of  locating  the  correlation 
peaks  and  could  reduce  the  output  data  rate  to  below  1  MHz. 

The  heart  of  the  Josephson  readout  circuit  is  an  address  encoder, 
consisting  of  2n  OR  gates,  which  allows  the  encoding  of  an  n-bit  address  and  its 
complement.  Each  OR  gate  has  2'^  inputs  -  one  for  each  channel  -  of  which  the 
half  corresponding  to  the  binary  bit  of  the  address  (or  its  complement)  are 
coupled  by  a  mutual  inductance.  This  is  shown  schematically  in  Fig.  11.  When 
the  peak  detector  in  one  of  the  integrators  switches,  current  is  diverted  down 
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the  bandwidth  of  the  TIC.  If  the  resonator  frequency  is  smaller  than  the  TIC 
bandwidth,  then  undesired  products  also  occur  at  negative  frequencies,  and  if 
the  resonator  frequency  is  smaller  than  half  the  TIC  bandwidth,  undesired 
products  also  occur  at  the  negative  of  the  resonator  frequency.  This  results  in 
an  additional  implementation  loss  of  3  dB,  since  the  noise  input  to  the 
resonator  is  doubled.  While  the  loss  of  3  dB  of  signal  processing  gain  may  seem 
trivial  when  compared  to  the  overall  potential  gain  of  40-50  dB  associated  with 
the  large  TB  product,  it  can  still  be  translated  into  the  need  for  twice  as  much 
signal  power,  which  ultimately  requires  a  larger  transmitter  or  antenna,  and 
thus  is  unacceptable. 

This  source  of  implementation  loss  can  be  eliminated  by  using  the  following 
double-heterodyne  technique.  The  signal  and  reference  are  offset  by  a  frequency 
greater  than  half  their  bandwidth,  as  in  the  original  design.  However,  the 
integration  is  not  performed  at  this  frequency.  Rather,  the  mixer  output  is 
first  filtered  through  a  narrow  bandpass  filter  centered  on  the  offset 
frequency,  and  then  mixed  down  to  a  lower  frequency  for  integration. 

A  comparison  of  the  new  design  with  the  original  design  is  interesting. 

The  use  of  an  additional  mixing  stage  and  filter  has  in  a  sense  solved  the 
problem  of  achieving  uniformities  of  a  few  ppm  in  resonator  frequencies  by 
dividing  it  up  into  two  stages,  each  of  which  has  only  to  achieve  uniformities 
of  the  order  of  a  part  in  10^.  Moreover,  the  concern  about  stray  coupling 
between  resonators  is  relieved  to  a  very  great  extent. 

The  new  design  has  an  additional  potential  signal-processing  benefit.  The 
peak  detectors  can  only  switch  during  the  portion  of  the  cycle  when  the  phase  of 
the  signal  in  near  Tt/2.  If  the  timing  of  a  peak  detection  is  achieved  using, 
for  example,  a  2-GHz  clock,  then  the  relative  phase  of  the  signal  can  be 


loss.  We  have  concluded  that  a  20-MHz,  Q  =  400  lumped -element  resonator,  which 
would  have  the  same  integration  time  as  the  originally  proposed  2-GHz, 

Q  =  4x10^  stripline  resonator,  is  a  viable  approach. 

The  move  to  low  Q  removes  the  need  for  very  low  loss  dielectrics, 
permitting  the  use  of  anodized  Nb  (Nb205)  which  has  a  measured  loss  tangent 
of  2x10~3  and  a  specific  capacitance  of  6000  pF/mm^  at  a  thickness  of 
450  A.  In  addition,  this  material  has  a  low  defect  density.  Thus,  it  is 
anticipated  that  resonators  using  L  «  10000  pH  and  C  =  6000  pF  can  be  made  with 
O'*  500  and  in  an  area  of  =•  2  mm^. 

The  gain  factor  of  which  was  obtained  in  the  high-Q  stripline  design 
is  inadequate  for  this  new  low-Q  design  if  the  noise  level  in  the  peak  detector 
and  the  mixer  output  levels  remain  unchangeo.  The  loading  of  the  resonator, 
however,  depends  not  only  on  the  coupling  strength  but  also  on  the  ratio  of  the 
mixer  output  impedance  and  the  resonator  characteristic  impedance.  For  our  new 
design,  the  characteristic  impedance  Z  ='ir[7c  is  very  low  ,  1.2  n.  This  means 
that  it  can  be  strongly  coupled  to  the  mixer  output  without  excessive  loading  so 
long  as  the  mixer  output  impedance  exceeds  500  n,  resulting  in  a  gain  factor  of 
Q.  Thus,  the  absolute  resonator  current  levels  are  comparable  to  those  obtained 
in  the  original  design  and  should  be  well  matched  to  the  requirements  of  the 
peak  detectors.  While  a  mixer  design  has  not  been  finalized,  the  high  output- 
impedance  requirement  does  not  appear  to  be  a  major  problem. 

We  originally  suspected  that  the  bandwidth  of  the  TIC  might  be  limited  to  a 
value  no  larger  than  the  resonator  frequency.  The  move  to  very  much  lower 
frequencies  thus  demanded  a  more  rigorous  analysis  of  this  potential  problem. 

The  desired  product  between  the  signal  and  the  reference  falls  at  the 
resonator  frequency,  but  the  undesired  products  of  the  reference  and  the  noise 
fall  in  a  broad  band  which  is  centered  on  the  resonator  frequency  and  has  twice 


uniformity.  For  resonator  amplitude  responses  uniform  to  dB,  the  total 
spread  of  resonator  frequencies  needs  to  be  less  than  6  ppm  for  Q  =  4  x  10^. 

This  requires,  for  example,  that  the  length  of  the  striplines  be  uniform  to 
-  0.2  wm  out  of  a  total  length  of  -  3  cm.  While  challenging,  this  goal  appeared 
achievable,  since  lithographic  reproduction  is  capable  of  that  degree  of 
precision.  Indeed,  this  was  one  reason  for  initially  choosing  to  use  stripline 
resonators  rather  than  lumped  capacitors  and  inductors.  The  problem  for  the 
striplines  turns  out  to  be  the  demanding  tolerances  for  the  package.  This 
package  is  the  same  as  that  used  for  the  convolver  delay  lines  and  the  passive 
chirp  filters  and  requires  the  use  of  a  second  ground  plane  on  a  second 
substrate  which  is  mechanically  pressed  against  the  conductor  on  the  primary 
substrate.  Any  variations  in  the  gap  between  the  two  gives  variations  in  the 
effective  dielectric  constant  and  thus  in  the  propagation  velocity  and  resonant 
frequency.  The  existence  of  any  variations  in  an  air  gap  as  large  as  .0003  urn 
averaged  over  a  resonator  would  effectively  detune  the  resonators.  Resonator 
structures  were  thermally  cycled  between  room  and  helium  temperatures  to  look 
for  cycle-to-cycle  variations  of  the  resonant  frequencies.  These  were 
determined  to  be  on  the  order  of  1  part  in  10^.  While  this  is  not  the  same  as 
a  measurement  of  resonator  uniformity,  we  expect  that  these  cycling  variations 
would  also  result  in  comparable  variations  between  resonators.  It  is  unlikely 
that  the  3  orders  of  magnitude  improvenent  necessary  can  be  achieved  without 
radical  package  redesign. 

Faced  with  this  dilemma,  we  proceeded  to  look  for  alternatives  and  have 
decided  to  pursue  lower-frequency,  lower-Q  resonators  using  lumped  capacitors 
and  inductors,  but  with  the  same  overall  integration  time.  Key  issues  which 
needed  to  be  reassessed  included  circuit  area,  signal  strength,  and  signal¬ 
processing  considerations  such  as  bandwidth,  dynamic  range,  and  implementation 
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The  magnitude  of  the  integrated  ac  current  will  depend  on  the  output  level 
from  the  mixers  at  the  resonant  frequency,  the  coupling  strength  between  the 
mixers  and  the  resonators,  and  the  Q  of  the  resonator.  However,  if  the  coupling 
is  too  strong,  the  resonator  Q  will  be  degraded  because  of  loading  from  the 
mixer  output  circuit.  If  the  effective  output  impedance  of  the  mixer  is  equal 
to  the  stripline  impedance  of  the  resonator,  the  optimal  coupling  is  found  to  be 
=•  and  the  maximum  integrated  signal  is  found  to  be  «  times  the 

mixer  output.  For  example,  with  a  Q  of  10^,  the  coupling  efficiency  would  be 
=*  0.3%,  and  the  integrated  signal  would  be  -  300  times  the  mixer  output  level. 
Thus  for  an  output  level  of  =■  3  wA  from  the  mixers  (estimated  from  the  convolver 
results),  a  signal  level  of’*  1  mA  is  possible.  This  level  compares  very 
favorably  to  the  level  required  from  considering  switching  noise  in  the 
junctions. 

Mutual  isolation  between  resonators  is  required  to  prevent  a  signal  in  one 
channel  from  adding  to  or  subtracting  from  signals  in  other  channels.  This 
problem  was  especially  worrisome,  because  of  the  very  high  Q's  of  the 
resonators,  because  the  desi red  coupling  to  the  resonators  from  the  mixers  was 
already  very  weak,  and  because  of  the  inability  to  contact  the  ground  plane 
directly  through  the  125-um  thick  substrates.  Particular  attenuation  was  paid 
to  potential  coupling  through  the  biasing  lines  for  the  peak  detectors. 

Floating  peak  detectors  were  designed.  These  were  to  be  situated  at  the  center 
of  a  Xo/2  resonator,  near  virtual  ground,  and  to  be  biased  in  a  symmetrical 
balanced  manner  to  minimize  mutual  coupling.  This  design  appears  to  have 
adequate  isolation  levels. 

However,  the  ultimate  difficulty  with  the  use  of  high-Q  stripline 
resonators  turned  out  to  be  the  anticipated  inability  to  achieve  adequate 
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Turning  our  attention  to  the  requirements  for  signal  processing, 
we  note  that  these  applications  do  not,  in  general,  require  very  low 
error  rates  but  rather  demand  extreme  speed  for  highly  structured  data 
flow.  Stringent  environmental  requirements  must  also  be  met. 
Superconductive  technology  today  can  clearly  supply  the  speed  and 
reliability  with  niobium-based  designs.  Environmental  considerations, 
such  as  space  and  power  requirements,  depend  more  on  the  development 
of  an  adequate  cryocooler  technology  than  on  the  device  technology 
itself. 

The  most  frequently  encountered  function  in  radar  and 
communications  is  matched  filtering.  It  is  instructive  to  consider 
the  digital  fast  Fourier  transform  algorithm  (FFT)  as  a  means  to 
achieve  programmable  matched  filtering.  It  is  possible  to  quantify 
the  magnitude  of  the  process  in  terms  of  the  number  of  arithmetic 
operations  per  second  (ops).  Digital  signal  processing  techniques  are 
highly  developed  and  considerable  savings  can  be  realized  by  employing 
FFT  techniques.  But  the  required  computation  rate  for  programmable 
matched  filtering  (8)  is  still  at  least  20  B  log2  TB.  Dedicated 
digital  processors  can  currently  provide  computation  rates  of  about 
2  X  109  ops.  Based  on  this  rate,  the  current  bandwidth  limits  for 
digital  signal  processing  systems  were  sized  as  a  function  of 
processing  gain  and  plotted  as  shovm  in  Fig.  4. 


Fig.  4  Projected  bandwidth  versus  processing  gain  regimes  of  analog, 
digital  and  hybrid  signal-processing  systems. 

Note  that  in  order  for  signal  processing  bandwidths  to  increase 
by  an  order  of  magnitude,  computation  rates  must  increase  at  least  as 
fast.  This  places  a  very  real  limit  on  the  bandwidth  capability  of 
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digital  signal  processors.  Conversely,  processing  gain,  dynamic  range 
and  accuracy  can  often  be  more  easily  extended  in  a  digital  system 
than  in  an  analog  signal  processor. 

What  is  the  potential  for  increasing  the  digital  computation  rate 
in  the  coming  decade?  In  spite  of  very  high  speed  logic  ^  40  ps), 
the  projected  computation  rate  for  the  Josephson  general  purpose 
computer  was  less  than  109  ops.  This  is  in  large  part  because  the 
computation  rate  tends  to  be  limited  by  propagation  delays,  clock 
skews  and  reset  times  rather  than  by  the  logic  switching  speeds  in 
both  room-temperature  and  cryogenic  systems.  Parallel  processing 
systems  allow  the  designer  to  substantially  increase  the  computation 
rate.  This  technique  is  commonly  implemented  in  dedicated 
semiconductor  processors  but  at  a  considerable  cost  in  terms  of  power 
and  space  requirements.  Because  of  the  extremely  low  power 
requirements  (»  2  uW/gate)  of  superconductive  logic,  specialized 
superconductive  systems  such  as  array  processors  could  be  achieved 
with  extremely  dense  gate  configurations  and  considerably  higher 
computation  rates. 

1.4  HYBRID  SIGNAL  PROCESSING 

Many  applications,  such  as  signal  analysis  and  matched  filtering, 
require  very  large  signal  processing  bandwidths.  Because  of  the 
bandwidth  limitations  of  digital  processors,  these  needs,  currently 
and  well  into  the  future,  will  only  be  met  by  analog  signal  processing 
devices. 

However,  in  a  hybrid  (analog/digital)  system,  an  analog  device 
could  provide  the  capability  of  large  processing  bandwidth,  while 
digital  circuits  would  extend  the  available  processing  gain.  Such  an 
implementation  has  recently  been  demonstrated  with  acoustic 
convolvers  (9).  Here  the  convolver  preprocessed  a  100-MHz  waveform, 
while  a  binary  integrator  extended  the  processing  gain. 

It  is  interesting  to  note  that  superconductive  technology  can 
provide  all  the  elemental  analog  functions  required  for  signal 
processing,  and  all  the  digital  functions  as  well.  This  one 
technology,  unlike  any  other,  is  therefore  fully  capable  of 
implementing  entire  hybrid  signal  processing  architectures.  The 
extended  signal  processing  capability  which  may  be  provided  by  future 
hybrid  systems  (superconductive  and  multiple  technology 
configurations)  is  also  indicated  in  Fig.  4. 

1.5  DISCUSSION 

The  digital  superconductive  research  activities  which  were 
recently  curtailed  in  North  America  were  directed  toward  the 
development  of  high-speed  logic  and  memory  circuits  for  high- 
performance  mainframe  computer  applications.  While  the  potential 
market  volume  is  large,  it  may  not  have  been  the  most  suitable  choice 
for  existing  cryogenic  technology.  It  is  common  to  judge  a  new 
technology  in  terms  of  its  potential  to  replace  a  wel 1 -devel oped 
technology  in  existing  applications.  This  seldom  happens,  even  if 
considerable  effort  and  financial  resources  are  expended  on  developing 
the  new  technology.  Rather,  the  new  technology  usually  finds  its 
market  niche  in  rapidly  developing  new  applications. 

Exciting  new  opportunities  exist  for  cryogenic  devices  in  signal 
processing  applications.  Superconductive  devices  for  pulse 
compression  and  convolution  have  recently  been  demonstrated  and  are 
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being  further  developed.  These  analog  devices  offer  bandwidth 
capabilities  which  are  unreachable  with  other  technologies.  Yet  in 
applications  such  as  signal  sorting  and  image  processing,  a  real  need 
exists  for  extremely  large  bandwidths.  Digital  circuits  fabricated 
with  the  same  technology  can  provide  very  high  speed  circuits  for 
sampling  and  data  sorting.  Hybrid  systems  implemented  with  cryogenic 
circuits  may  offer  the  user  unparalleled  capabilities  in  signal 
processing  in  the  future. 
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Abstract 

Microwave  analog  signal-processing  filters  have 
been  realiaed  in  the  form  of  coupled  niobium  ' 

striplines  on  silicon  dielectric  substrates.  Device 
responses  witht2-dB  amplitude  accuracy  and  9*-nns 
phase  error  have  been  achieved  in  amplitude-weighted 
filters  with  37.5  ns  of  dispersion  and  2.3-GH2 
bandwidlhs.  Relative  side-lobe  levels  of  -26  dB  and 
less  are  currently  obtained. 

The  achievable  dispersion  for  stripline  circuits 
on  a  single  pair  of  5-cm-diameter,  125-um-thick 
wafers  is  limited  to  about  AO  ns  by  the  electro¬ 
magnetic  coupling  between  neighboring  lines.  To 
achieve  greater  dispersion  two  approaches  are  under 
development : 

(1)  Stripline  circuits  are  being  fabricated  on 
multiple  wafer  pairs  vAiich  are  physically  stacked  and 
electrically  concatenated  to  produce  dispersive  delay 
lines  with  A-GH;  bandwidth  and  7S-ns  dispersion  time. 
Phenolic  resin  is  used  as  an  adhesive  to  ensure  the 
mechanical  integrity  of  the  stacked  structure.  (2)  A 
technique  to  fabricate  dense  stripllne  circuits  on 
very  thin  (15-um)  single-crystal  silicon  superstrates 
supported  by  thicker  substrates  has  been  demonstrated 
and  preliminary  results  will  be  described. 

A  chirp-transform  system  capable  of  real-time 
spectral  analysis  has  been  construct^  using  a  pair 
of  the  Superconductive  delay-line  filters.  A 
resolution  of  A3  MHi  over  an  unprecedented  2A00-MHI 
bandwidth  with  amplitude  uniformity  of  tl  dB  and 
side-lobe  levels  of  -18  dB  was  demonstrated. 

Introduction 

Transversal  or  f ini te- impul se-response  filters 
are  realiaed  In  the  form  of  tapped  delay  lines  and 
are  widely  employed  in  wideband  analog  signal 
processing  applications.  Specifically,  linear 
frequency-modulated  filters,  also  known  as  chirp 
filters,  are  valuable  components  in  high-performance 
radarl,  spread-spectrmn  communications^,  and 
spectral  analysis  systems^.  Critical  performance 
parameters  are  the  dispersion  time  T,  the  bandwidth 
B,  and  the  amplitude  and  phase  deviations  from  ideal 
which,  in  matched-filtering  applications,  are 
manifested  by  degraded  side-lobe  performance. ^ 
Suppression  of  side  lobes  to  a  -AO-dB  relative  level 
is  a  coTinon  goal  and  requires,  regardless  of  the 
technology  used  to  realize  the  filter,  inclusion  of 
amplitude  weighting  and  tight  control  of  both  the 
amplitude-  and  phase-vs-frequency  characteristics  of 
the  filter. 
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A  technology  must  offer  three  essential 
functions  if  a  transversal  filter  is  to  be  realized: 
signal  delay,  tapping  of  the  signal  stream  at 
specified  delays  and  with  specified  weights,  and 
summation  of  the  tapped  signals.  Acoustic  delay 
media  have  been  successfully  exploited  during  the 
last  decade  to  produce  high-performance  surface- 
acoustic-wave  devices*  with  bandwidths  of  several 
hundred  megahertz.  Electromagnetic  delay  media,  on 
the  other  hand,  offer  even  greater  bandwidth  (up  to  a 
few  tens  of  gigahertz)  but  the  high  electromagnetic 
propagation  velocity  makes  difficult  the  attairwnent 
of  large  delays.  To  achieve  reasonable  delays 
(10-1000  ns)  in  a  small  volume,  the  transmission 
lines  must  be  reduced  in  size.  This  results  in  an 
increased  transmission  loss  and  precludes  the  use  of 
normal  conductors.  We  have  exploited  the  low  loss  of 
superconductive  transmission  lines^  to  realize 
transversal  filters  as  miniature  tapped 
electromagnetic  delay  lines. 

Techniques  for  the  design,  modeling, 
fabrication,  and  packaging  of  this  family  of  devices 
have  been  presented.®*'  At  that  time,  operation  of 
devices  with  35-ns  dispersion  and  2.6-GHz  bandwidth 
(already  surpassing  the  nominal  goal  of  2-GHz 
bandwidth)  was  demonstrated.  For  this  family  of 
devices  wide  bandwidth  is  easily  obtainable  whereas 
dispersion,  because  of  the  high  electromagnetic 
velocity  and  the  need  to  maintain  isolation.  Is 
dear.  Forty  nanoseconds  is  the  approximate  limit  to 
the  dispersion  attainable  on  a  single  pair  of  easily 
handled  wafers  produced  by  conventional  lapping  and 
polishing  techniques.  We  have  built  a  "baseline 
technology"  around  devices  of  this  type,  using  them 
as  a  testbed  for  relatively  rapid  testing  of  design 
concepts  and  fabrication  techniques.  The  development 
of  techniques  to  fabricate  and  package  long-line 
devices  vAiich  meet  the  nominal  goal  of  500-ns 
dispersion  is  proceeding  concurrently. 

In  this  paper  are  presented  the  recent 
developments  of  our  baseline  technology  which 
include:  (1)  the  application  of  various  filter 
weighting  functions  including  a  new  partitioning  of 
amplitude-weighting  functions  which  permits 
exploitation  of  the  phase-conjugate  property  of  the 
superconductive  devices  and  the  consequent  use  of  a 
filter  as  its  own  matched  filter;  (2)  the  fabrication 
of  wide,  low- impedance  lines  which  require  less 
critical  control  of  linewidth;  and  (3)  the 
establishment  of  controls  needed  to  ensure  side-lobe 
suppression  and  device  reproducibility.  Two 
techniques  for  achieving  longer  delay  will  be 
presented:  (1)  The  electrical  cascading  of  multiple 
wafer  pairs  produced  by  the  baseline  techniques;  and 
(2)  the  fabrication  of  delay  lines  on  very  thin 
dielectric  wafers  bonded  to  thicker  support  wafers. 
Finally,  the  use  of  baseline-technology  devices  to 
perform  real-time  spectral  analysis  over  a  2A00-MHz 
bandwidth  is  presented. 
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BaseHne  Technology 
Funct  ion  of  the  Baseline  Technology 

The  purpose  of  the  baseline  technology  Is  to 
provide  a  rapid  turn-around  test  vehicle  to  Identify 
and  eliminate  sources  of  Irreproduc Ibil Ity,  establish 
and/or  extend  the  limits  of  device  performance,  and 
test  new  designs  without  waiting  for  the  development 
of  long-delay-line  techniques.  Lines  fabricated  on 
5-cn-diimeter,  125-um-thlck  silicon  wafers  provide 
that  test  vehicle.  The  lessons  learned  with  baseline 
devices  are  expected  to  be  applicable,  with 
appropriate  scaling,  to  long-line  devices. 

D e vj^c e_  y r ucture 

The  basic  device  cross  section  Is  shown  In 
Fig.  1  and  was  discussed  previously®.  A  coupled 
pair  of  Superconductive  striplines  of  width  w  Is 
separated  by  a  variable  distance  s.  The  stripllnes 
are  Surrounded  by  two  layers  of  low-loss  dielectric 
of  thickness  h  which  are  coated  with  superconductive 
ground  planes. 
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Fig.  1.  Cross  section  of  the  coupled  stripline 
structure. 

The  two  lines  are  coupled  by  a  cascaded  array  of 
backward-wave  couplers  as  shown  In  the  schematic  of 
Fig.  2.  Each  coupler  has  a  peak  response  at 
frequencies  for  which  It  Is  an  odd  number  of  quarter* 
wavelengths  long.®  If  the  length  of  the  couplers 
Is  proportional  to  the  reciprocal  of  distance  down 
the  line,  then  the  resulting  structure  has  a  local 
resonant  frequency  vAilch  Is  a  linear  function  of 
delay.  In  other  words.  It  Is  a  chirp  filter  with  t 
linear  group-del ay-vs-frequency  (or  quadratic  phase) 
relationship.  The  strength  of  each  coupler  Is 
controlled  by  varying  the  line  spacing  s  to  give  a 
desired  amplitude  weighting  to  the  response. 
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Fig.  2.  Chirp  filter  formed  by  cascading  backward- 
wave  couplers  between  adjacent  electro¬ 
magnetic  delay  lines. 

Design  and  Analysis  < 

The  design  and  analysis  of  stripline 
tapped-delay-1 ine  chirp  filters  was  described 
previously. "The  designer  specifies  the  desired 
center  frequency,  bandwidth.  Insertion  loss  at  center 
frequency,  and  weighting  function.  A  grating 
function  (coupling  vs  spatial  coordinate)  is 
generated  which  includes  a  correction  for  amplitude 


distortions  caused  by  strong  coupling  and  the 

consequent  Input  wave  depletion.  The  design  is  j 

analyzed  using  a  coupl ing-of-modes  solution;  I 

predistortions  of  the  grating  phase  can  be  introduced  j 

at  this  point  to  compensate  for  phase  distortions  .  j 

caused  by  strong  coupling’  and  the  procedure  ■_  j 

iterated.  From  the  grating  function  an  "j 

electromagnetic  analysis  Is  used  to  specify  the  line 

spacing  function,  and  a  photomask  Is  generated.  '  j 


In  typical  systems  employing  chirp  filters,  one 
filter  has  a  flat  amplitude  response,  the  full 
amplitude  weighting  function  being  carried  by  the 
second  (quasi-matched)  filter.  Unlike  most  chirp 
filters,  however,  the  superconductive  tapped  delay 
lines  are  four-port  devices  and,  provided  that 
propagation  losses  are  small  and  the  grating  coupling 
Is  not  too  strong,  the  coupled  responses  (Sjj  and 
S34  In  Fig  2)  are  phase-conjugate;  that  is,  the 
impulse  response  from  one  end  Is  the  time-reverse  of 
that  from  the  other.  One  filter  can  thus  serve  as 
Its  own  matched  filter.  By  weighting  the  filter  with 
the  square  root  of  the  desired  weighting  function, 
the  overall  response  of  a  pulse-compression  system 
will  be  the  desired  one.  In  some  applications  (e.g., 
spectrum  analysis),  however,  this  partitioning  of 
weighting  functions  Is  disadvantageous  and  separate 
flat  and  fully  velghted  filters  must  be  used. 


Filters  with  characteristic  Impedances  less  than 
SO  ohms  offer  several  advantages:  (1)  the  greater 
width  of  the  lines  (for  example,  on  silicon  25-ohm 
lines  are  four  and  one-half  times  the  width  of  50-ohm 
lines)  reduces  the  sensitivity  of  the  Impedance  to 
linewldth  variations,  thereby  reducing  spurious 
reflections;  (2)  conductor  losses  become 
asymptotically  smaller  as  the  parallel-plate  limit  is 
approached;  and  (3)  the  perturbation  in  effective 
dielectric  constant  caused  by  voids  between  the 
dielectric  layers  are  minimized  In  the  parallel-plate 
limit.  The  first  point  Is  especially  Important  as  *« 
scale  down  linewidths  for  thinner  substrates.  There 
Is,  however,  some  Increase  In  sensitivity  of 
Impedance  to  substrate  thickness. 

Provision  for  impedances  other  than  50  ohms  Is 
Included  in  the  design  routines.  Integral 
tapered-llne  transformers!®  which  present  50-ohm 
Impedances  at  the  device  ports  are  included.  Devices 
with  25-ohm  lines  have  been  fabricated;  results  are 
presented  in  a  following  section. 


Fabrication  I  Packaging 

The  delay  line  shown  schematically  in  Fig.  2 
would  be  difficult  to  fabricate,  being  typically  1-mra 
wide  and  3-m  long.  To  utilize  round  substrates  with 
a  minimun  number  of  small -rad  I  us  bends,  the  delay 
line  is  wound  up  Into  a  quadruple-spiral 
configuration,  with  all  four  electrical  ports  brought 
to  the  wafer  edge. 


The  lower  wafer  (cf.  Fig.  1)  carries  a  niobium 
ground  plane  on  its  lower  surface  and  the  niobium 
stripline  pattern  on  the  upper  surface.  The  upper 
wafer  carries  a  single  niobium  ground  plane. 

The  niobium  films  are  deposited  to  a  thickness 
of  3000  A  by  RF  sputtering  and  patterned  by  reactive 
Ion  etching.il  The  two  substrates  are 
5-cm-diameter,  l?5-um-thick  silicon  wafers.  The  use 
of  high-resistivity  silicon  as  a  low-loss  dielectric 
substrate  has  been  discussed./  Recent  resonator 
measurements  indicate  that  wafers  with  resistivities 
as  low  as  3  ohm-cm  can  support  TB  products  of  1000. 
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In  the  package,^  the  second  wafer  with  Its 
ground  plane  Is  held  In  place  against  the  patterned 
wafer  by  an  array  of  springs,  preventing  air  gaps 
which  would  cause  spurious  electrical  responses.  The 
four  RF  tennfnals,  brought  to  bonding  pads  at  the 
wafer  edge,  are  connected  with  multiple  short  wire 
bonds  to  SMA  connectors  brought  through  the  back  of 
the  package.  Although  other  laboratories  use  the 
wt^dge  bonding  of  aliminjn  wires  directly  to  niobium, 
we  find  it  convenient  to  evaporate  Ti/Au 
(?00  4/SOOO  A)  films  on  top  of  the  nfobit/n  pads,  to 
which  gold  wires  can  be  ball-bonded.  These 
connections  are  reliable,  can  be  removed  for  wafer 
cleaning,  repackaging,  or  other  processing  without 
destroying  the  underlying  metal  1 i zat ion,  and, 
provided  that  residual  niobium  oxides  are  stripped  by 
a  brief  dilute  HF  dip  prior  to  Ti/Au  deposition, 
exhibit  little  resistance  (0.?  ohm).  The  Ti/Au 
layer,  patterned  by  liftoff  of  a  spot-exposed 
photoresist  layer,  is  also  utilized  to  repair  defects 
in  the, Nb  slripl ines. 

il  Performance 

Fig.  3(a)  shows  the  measured  and  predicted 
magnitudes  of  the  frequency  response  of  a 
flat-weighted  filter  and  Fig.  3(b)  shows  those  of  a 
Hamming-weighted  filter,  Each  device  was  designed  to 
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Fig.  3.  (a)  Predicted  and  measured  insertion  loss  of 

a  flat-weighted  filter. 
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Fig.  3.  (b)  Insertion  loss  of  a  Harnning-weighted 
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have  a  4-GHz  center  frequency,  2.3?-6Hz  bandwidth, 
37.5-ns  dispersion,  and  10-dB  insertion  loss. 

The  1.5-d6  loss  of  the  coaxial  dewar  probe  has 
not  been  subtracted  from  the  measured  device 
responses  and  accounts  for  much  of  the  error  in  the 
Hamming-weighted  device.  In  the  case  of  the 
flat-weighted  device,  an  error  in  assembly  was  found 
to  have  resulted  in  the  use  of  a  ?10-pm-thick  upper 
wafer  instead  of  the  design  value  of  1?5  ym. 

Modified  to  include  this  deviation  from  design,  the 
coupled-mode  theory  predicts  a  grating  insertion  loss 
of  5.5  dB  which,  after  inclusion  of  the  probe  loss, 
is  in  close  agreement  with  the  measurement. 

The  phase  of  a  linear  chirp  filter  is  designed 
to  be  a  quadratic  function  of  frequency,  the 
quadratic  coefficient  being  proportional  to  the 
"chirp  slope"  of  the  device  T/B.  A  least-squares  fit 
to  the  measured  phase  data  of  the  flat-  and 
Hanming-weighled  devices  of  Fig.  3  revealed  chirp 
slopes  of  0.41  and  l.OT,  respectively,  below 
the  design  value,  and  rms  deviations  from  quadratic 
of  11*  across  the  full  device  bandwidth  and  9*  across 
the  central  2  GHz  of  bandwidth,  respectively. 

The  fidelity  of  the  phase  and  amplitude 
characteristics  of  these  filters  is  borne  out  in 
pulse-compression  performance,  obtained  both  in 
time-domain  measurements  and  by  multiplication  and 
transformation  of  the  frequency-domain  data. 

Relative  side-lobe  levels  of  -26  dB  were  obtained 
when  using  the  flat-  and  Hamming-weighted  devices  as 
matched  filters,  and  -32-dB  levels  were  obtained  »rf>en 
the  latter  device  was  used  as  its  own  matched 
filter.  Devices  free  of  phase  and  amplitude  errors 
would  produce  -41-dB  side  lobes. 

Devices  have  been  weighted  with  the  square  root 
of  the  Hamming  function  to  give  an  overall  Hamming 
response  when  using  a  single  line  as  both  expander 
and  compressor  in  pulse-compression ’tests.  Side-lobe 
levels  of  -28  dB  and  phase  deviations  of  3.4*  rms 
across  the  central  1.5  GHz  .of  bandwidth  have  been 
obtained. 

Tapped  delay  lines  with  25-ohm  characteristic 
impedance  were  made  by  using  173-um-wide  lines  on 
125-i»m  silicon.  Tapered  transformers*^  of  1-ns 
length  were  incorporated  to  bring  the  impedance  to 
50  ohms  at  all  four  ports.  The  available  dispersion 
on  5-cm-d)ameter  wafers  was  reduced  to  27  ns  by  the 
wider  lines  and  the  transformers.  A  25.8-ohm 
impedance  was  measured  by  time-domain  reflectometry 
and  a  V5WR  of  less  than  1.5  was  observed.  The 
2.6-GHz-bandwidth  root-Hamming-we ighted  devices 
exhibited  a  7*  rms  phase  error  over  the  central  2  GHz 
of  bandwidth  and  -27-dB  side  lobes. 


Impact  of  Fabrication  on  Performance 


Two  fabrication-related  issues  have  been  shown 
to  exert  a  particularly  strong  effect  on  device 
performance: 


(1)  Wafer  thickness  variations.  The  strength  of 
30-d8  backward-wave  stripline  couplers  varies  by 
approximately  I  d0  for  every  8t  change  in  substrate 
thickness  of  either  wafer,  and  60-dB  couplers 
experience  a  1-dB  coupling  variation  for  every  4t 
change  in  thickness.  A  uniform  error  in  thickness, 
as  in  the  device  of  Fig.  3(a),  causes  a  nearly 
frequency- independent  error  in  insertion  loss. 
Thickness  errors  yAiich  are  nonuniform  across  the 
wafer  surface,  however,  cause  freounncy-dependeot 
amplitude  errors  and  serious  side-lobe  d. -gradation. 

A  Ha.i7iing-weighted  filter  on  a  wedge-shaped  substrate 
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Kith  a  total  thickness  variation  equal  to  lOX  of  Its 
thickness  was  predicted,  using  a  modified 
coup1 Ing-of-modes  analysis,  to  have  a  31-dB  relative 
side-lobe  level.  To  first  order,  thickness 
variations  do  not  cause  phase  errors,  as  the 
effective  dielectric  constant  and  hence  phase 
velocity  are  not  affected. 

(2)  Gaps  between  wafers:  The  presence  of  gaps 
between  the  two  dielectric  wafers  lowers  the 
effective  dielectric  constant  of  the  structure  and 
consequently  Increases  the  propagation  velocity. 

Phase  distortions  result.  Even  if  the  gap  is  uniform 
over  the  wafer  area,  the  inhomogeneous  dielectric 
also  produces  differences  in  even-  and  odd-mode 
velocities  and  thus  forward  coupling?  and 
consequent  amplitude  errors.  Gaps  can  result  from 
several  imperfections:  (1)  failure  Of  the  package  to 
provide  sufficient  pressure  to  clamp  the  two  wafers 
(8.8  X  10^  fl/m^  is  currently  used);  (2)  the 
unavoidable  step  caused  by  the  niobium  thickness, 
possibly  made  larger  by  the  nonselectivtty  of  the  RIE 
process  and  consequent  etching  of  the  silicon  itself 
following  the  removal  of  the  niobium;  and  (3) 
nonpl anar  wafer  surfaces. 

The  presence  of  gaps  can  be  monitored  by 
measurement  of  the  chirp  slope  from  which  is  Inferred 
the  effective  dielectric  constant.  Numerous  devices 
were  tested  which  revealed  effective  constants  as  low 
as  10.0  instead  of  the  design  value  of  11.4;  poor 
overall  performance  was  also  noted.  Investigation 
led  to  the  conclusion  that  the  third  factor  listed 
above  was  the  cause.  Single-side-polished  wafers  had 
been  used  as  substrates.  The  spiral  pattern  was 
always  defined  on  the  polished  surface  and  the 
deposition  of  the  ground  plane  on  the  rough  backside 
appeared  to  cause  no  degradation.  However,  the  upper 
ground  plane  was  deposited  on  the  polished  Surface, 
requiring  that  the  bare  rough  surface  be  assembled  in 
contact  with  the  spiral  Nb  pattern.  These 
commercially  etched  surfaces  were  found  to  have  an 
rtns  roughness  of  as  much  as  6000  1  on  lateral  scales 
of  20  to  100  urn.  In  comparison  with  polished  surfaces 
with  rims  roughnesses  of  50  *.  The  rms  gap  could 
easily  exceed  twice  the  roughness  because  of  the 
peaked  nature  of  the  surface.  Even  in  the  parallel- 
plate  limit,  such  a  0.5(  void  fraction  (based  on 
125-um-th1ck  wafers)  would,  with  a  high-dielectrlc- 
constant  material  such  as  silicon,  result  in  a  6t 
decrease  in  effective  dielectric  constant.  With  the 
simple  corrective  measure  of  using  polished  mating 
surfaces,  effective  dielectric  constants  of 
11.5  t  0.1  are  achieved  uniformly. 

■  tong  Delay  Lines 

Re  quirements 

Bandwidths  of  several  gigahertz  are  relatively 
easy  to  achieve  with  electromagnetic  delay  lines. 
Dispersion,  however,  is  difficult  to  obtain  because 
of  the  high  propagation  velocities. 

The  conductor  loss  of  superconductive  stripline 
increases  with  frequency  and  varies  as  the  reciprocal 
of  substrate  thickness.  Based  on  the  assumption  that 
the  naximun  tolerable  attenuation  of  a  dispersive 
delay  line  is  3  dB,  the  limit  imposed  by  loss  on  the 
length  of  a  niobium  delay  line  operating  at  4.2  K 
with  a  4-GHz  center  frequency  and  2.7-GH2  bandwidth 
is  about  13  uS  on  125-um-thick  silicon  and  1.0  ws  on 
a  10-um-thick  Substrate.  Devices  with  these 
frequency  specifications  and  a  370-ns  dispersion 
(TB=10g0J  require,  assuming  55-dB  Isolation,  areas  of 
200  emf  and  16  aim,  respectively,  on  these  two 


substrates.  It  Is  apparent  that,  to  reach  the 
nominal  goal  of  IB'IOOO,  one  must  either;  (1)  use 
large-area  (>100  cm?)  125-um-thick  substrates;  (2) 
electrically  cascade  filter  sections  on  multiple 
5-cm-diameter,  125-um-th1ck  ("baseline”)  substrates; 
or  (3)  use  thinner  5-cm-d1ameter  substrates.  The 
first  option  Is  not  under  agressive  development 
because  of  the  difficulty  In  handling  large,  thin 
wafers.  The  other  two  are  being  pursued  in  parallel. 

Stacked  Substrates 

Two  additional  problems  are  encountered  in 
cascading  baseline-technology  wafers:  (1)  physically 
holding  than  together  in  the  package  and  (2)  making 
the  necessary  rf  connections  from  wafer  to  wafer.  A 
packaging  scheme  which  addresses  these  aspects  is 
shown  in  Fig.  4. 

ttm  THICK 


the  two  coupled  lines  are  shown. 

Two  or  more  stripline  assemblies  (4  or  more 
wafers)  can  In  principle  be  held  together  by  spring 
pressure  in  the  same  package  used  to  house  single 
assemblies.  However,  the  possibil ity  of  relative 
motion  during  assembly  makes  the  electrical  bonding 
operations  difficult.  For  this  reason,  phenolic 
resin  (AZ  1350B  photoresist)  is  used  as  an  adhesive 
between  each  wafer  pair  to  ensure  the  mechanical 
stability  of  the  stacked  structure.  Measurements  on 
a  Nb-on-Si  resin-bonded  resonator  demonstrate  that  a 
375-nm  film  at  the  stripline  Interface  increases  the 
effective  loss  tangent  of  the  250-um-thick  structure 
by  less  than  2x10'®.  To  ensure  reliable,  uniform 
contact,  both  mating  surfaces  must  be  polished 
-andcoated  with  resin.  The  resin  losses  do  not  Impose 
severe  limits  on  devices  on  125-um-thlck  substrates 
but  could  limit  attainable  TB  products  on  thinner 
substrates. 

The  resonator  measurements  also  demonstrated  a 
repeatabil ity  of  resonant  frequencies  of 
approximately  one  part  in  10,000  after  each  of  five 
thermal  cycles  between  room  and  1  iquid-hel iian 
temperatures.  This  stability  is  a  factor  of  six 
better  than  that  of  the  same  device  using  the 
identical  spring-loaded  package  without  resin.  The 
technique  therefore  offers  improvement  for 
single-wafer-pair  devices  as  well. 

As  suggested  by  Fig.  4,  which  for  simplicity 
shows  only  half  of  the  connections  needed  for  a 
proximity-tapped  delay  line,  low-parasitic-inductance 
interconnections  are  made  with  short  ribbon  or 
multiple-wire  bonds.  Distances  are  kept  short  by 
placing  the  bonding  pads  of  one  wafer  nearly  on  top 
of  the  mating  pads  on  the  wafer  below  and  slightly 
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thtn  film  on  the  silicon  t^ilch  can  later  be 
photollthographically  patterned  to  form  the  strlpllne 
central  conductor. 


displacing  the  upper  wafer  laterally.  Time-domain 
reflectometry  Indicates  that  the  Interlayer  parasitic 
elenents  are  comparable  to  those  of  the 
coa«-to-strtpl Ine  connections. 

The  Interlayer  cornectlon  may  be  viewed  as  a 
vertical  cut  across  the  schematic  in  Fig.  2.  The  cut 
Is  designed  to  occur  In  the  “uncoupled"  section 
between  neighboring  couplers,  but  unavoidably  the 
round-trip  connection  length  used  In  practice  exceeds 
the  one-half  wavelength  allowed  In  design.  To  avoid 
a  phase  di scont inulty,  an  Integral  nimber  of 
wavelengths  must  be  wdded  to  the  allowed 
hal f -wavelength  round-trip  coupled-section-to- 
f oupled-section  distance.  To  avoid  a  Jixnp  In  group 
delay,  this  length  Is  not  merely  Inserted  Into  the 
tapped  delay  line;  rather,  coupling  sections  are 
omitted,  one  for  each  extra  wavelength.  This  results 
In  a  slight  increase  in  the  insertion  loss  at  the 
local  resonant  frequency  at  the  transition,  but  this 
can  to  first  order  be  canpensated  by  increasing  the 
strength  of  the  neighboring  couplers. 

The  compressed-pulse  response  of  a  2.6-GH2- 
bandwidth,  75-ns-dispersion,  root-Hamming-weighted 
filter  fabricated  on  two  pairs  of  IJS-um-thick 
silicon  wafers  is  shown  in  Fig.  5.  Its  transition 
length  Is  not  an  odd  nunber  of  half-wavelengths,  and 
the  -16-da  side  lobes  result.  A  corrected  design  Is 
In  fabrication. 


1  ns  — H  f-*— 


Fig.  5.  Compressed-pulse  response  of  a  two-wafer- 

pair  chirp  filter.  The  device  has  a  2.6-GHi 
bandwidth,  75-ns  dispersion,  and  root- 
Haining  weighting. 

Thin  Supported  Wafers 

Techniques  for  the  fabrication  of  very  thin 
dielectric  superstrates  supported  by  thick  substrates 
with  an  intervening  superconducting  ground  plane  were 
discussed  previously^.  These  techniques  have  been 
refined  and  usable  assemblies  are  now  being  produced. 

The  steps  in  the  process  may  be  envisioned  with  the 
aid  of  Fig.  6  and  are:  (1)  growth  of  a 
high-resistivity  layer  of  epitaxial  silicon  on  a 
heavily  doped  n-type  SI  wafer;  (2)  RF-sputter 
deposition  of  a  Nb  film  onto  the  pitaxial  layer;  (3) 
bonding  of  the  Si  wafer  to  a  7740  glass  (Pyrex)  wafer 
using  a  low- temperature  electrostatic  bonding 
technique,  with  the  Nb  at  the  interface  of  the  two 
wafers;  (4)  removal  of  the  heavily  doped  silicon  by  a 
combination  of  mechanical  lapping,  nonselectivt  and 
resistivity-selective  chemical  etching;  (5)  removal 
of  a  small  area  of  the  exposed  epitaxial  layer  to 
allow  contact  to  the  interfacial  Nb  layer  which  will 
serve  as  the  ground  plane  of  the  device  that  will  be 
built  on  the  epilayer;  and  (6)  deposition  of  a  ll> 
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Fig.  6.  Fabrication  of  15-um-thick  silicon  wafers  by 
epitaxial  growth,  electrostatic  bonding,  and 
preferential  etching.  Top:  starting 
epitaxial  wafer.  Middle:  assembly  after 
deposition  of  Nb  ground  plane  and  bonding  to 
support  wafer.  Bottom:  completed  structure 
after  preferential  removal  of  substrate, 
niobium  deposition,  and  patterning  of  the 
strlpl ine. 

Fig.  7  is  a  photograph  of  a  wafer  xtiich  has 
completed  the  first  four  steps  of  the  process.  The 
four  defects  are  small  holes  vAilch  were  caused  by 
particulates  at  the  Nb/Pyrex  Interface.  The 
particulates  caused  local  deformations  which  were 
etched  through  by  the  selective  etch.  The 
conta,mlnat1on  has  since  been  eliminated  and 
defect-free  layers  are  produced.  The  finished 
silicon  superstrate  has  a  thickness  uniform  to  less 
than  1  pm,  comparable  to  the  uniformity  of  the 
Original  epilayer. 


Fig.  7.  IS-um-thick  epilayer  bonded  to  Pyrex  with 
intervening  niobium  film. 

To  our  knowledge  this  is  the  first  electrostatic 
bondlngic  of  a  niobium  film  to  glass.  To  ensure 
uniform  bonding,  care  must  be  taken  that  there  is  no 
epilayer  "crowning"  at  the  wafer  edge.  The 
possibility  that  a  niobium/glass  reaction  may  occur 
at  the  400*C  bonding  temperature  and  adversely  affect 


the  superconducting  properties  of  the  opposite 
(sHIcon)  side  of  the  film  Is  being  investigated  by 
resonator  measurements.  The  bonded  Si/Nb/glass 
assemblies  have  been  cycled  to  4.2  K  and  exhibited  no 
deleterious  effects. 

The  resistivity-selective  etch^^  used  to 
remove  the  heavily  doped  substrate  is  an  HP:  HNO3: 
acetic  mixture.  Under  optimum  conditions  the  etch  is 
very  selective  but  it  is  inherently  unstable;  the 
generation  of  HNOp  degrades  the  selectivity  and 
necessitates  careful  monitoring.  Potassiim  hydroxide 
has  been  used  to  etch  holes  through  the  epilayer 
without  attacking  the  underlying  niobiim,  permitting 
estabMshnent  of  contact  to  the  ground  plane. 

Resonator  measurements  are  being  conducted  to 
ensure  that  recombination  centers  in  the  epitaxial 
silicon  do  not  contribute  to  hopping  conduction  and 
increase  the  dielectric  loss.  A  25-ohm,  220-ns-long 
delay  1  Ine  will  be  built  on  the  IS-um  superstrates. 
Delays  of  up  to  500  ns  with  a  S-dB  loss  at  5  GHz  are 
expected  to  be  achievable  on  a  5-cm-diameter, 
9-ii:n-thick  superstrate. 


An  important  application  of  chirp  filters  Is  the 
real-time  spectral  analysis  of  wideband  signals. 

Flat-  and  Hamming-weighted  filters  have  been  used  as 
dispersive  elements  in  a  chi rp-transformd  real-time 
spectrcm  analyzer. 

The  configuration  shown  in  Figure  8  is  used. 

This  arrangement  is  termed  the  multiply-conwolve 
arrangement^  because  of  the  multiplication  of  the 
input  signal  by  a  chirp  waveform  followed  by 
convolution  of  the  product  with  a  chirp  waveform  In 
the  compressor. 


Fig.  8.  Chirp-transform  spectrun  analyzer  employing 
superconductive  expander  and  compressor. 
Frequency-time  plots  are  shown  for  various 
points  in  the  signal  path.  The  RF  signal 
input  shown  in  the  figure  is  an  example  of 
the  possible  signals  within  the  fg  -  8/2 
to  fg  +  B/2  analyzer  Input  band;  in  this 
case  three  tones  are  shown,  one  at  fg,  a 
second  at  fg  -  3/2,  and  a  third  at  fg  ♦ 

B/2.  These  are  mapped  by  the  analyzer 
into  time  slots  spaced  by  Tg/2. 


The  mixer  used  to  form  the  product  of  the  chirp 
and  the  RF  input  is  a  commercially  available  unit 
with  broadband  IF  characteristics.  All  components, 
including  amplifiers  and  filters  not  shown  in  Figure 
8,  operate  at  room  temperature  except  for  the 
expander  and  compressor,  which  operate  in  liquid 
heliim  at  4.2  K. 

Performance 

Figure  9  shows  the  compressor  output  in  response 
to  seven  sequential  CW  tones  from  3400  to  4000  MHz  in 
100-MHz  increments.  The  system  responds  to  RF 
Inputs  from  2.8  to  5.2  GHz  with  an  amplitude 
uniformity  of  ±'1.2  dB.  From  Figure  9  the  dispersion 
rate  of  the  analyzer  is  measured  to  be  61  MHz/ns,  in 
good  agreement  with  the  designed  device  chirp  slope 
of  61.9  MHz/ns. 


Fig.  9.  Multiple  exposure  of  sampl ing- scope  output 
for  successive  single-tone  inputs  of 
4000  MHz  (leftmost  pulse)  to  3400  MHz 
(rightmost  pulse)  in  lOO-MHz  increments. 

The  input  power  level  is  -7  dBm. 

The  width  of  the  peaks  at  the  -4  dB  level  is 
0.7  ns,  implying  a  two-tone  frequency  resolution  of 
43  MHz.  For  comparison,  the  expected  resolution, 
which  is  the  inverse  of  the  compressor  dispersion 
multiplied  by  a  factor  to  account  for  the  broadening 
caused  by  the  Hanming  weighting,!  is  3g.2  MHz. 

The  compressor  output  amplitude  is  a  linear 
function  of  the  RF  input  amplitude  for  input  power 
levels  up  to  3  dBm.  Input  CW  signals  of  -43  dBm  can 
be  resolved  from  the  noise  floor  set  by  the 
thermal  noise  of  the  room-temperature  electronics, 
implying  a  dynamic  range  over  the  noise  floor  of 
46  dB. 

Side-lobe  levels  of  18  dB  below  the  peak  are 
observed.  The  dispersive  delay  lines  themselves,  in 
pulse-compression  tests,  exhibit  -24-dB  side  lobes; 
thus,  the  added  degradation  is  due  to  distortions  in 
the  room- temperature  mixers,  amplifiers,  and  filters 

Conc^l  us  i^on 

These  Superconductive  devices  have,  with  only  a 
few  years  of  developiment.  Surpassed  many  of  the 
performance  goals  of  competing  signal-processing 
technologies  such  as  optical  and  magnetostatic 
t*-(;hnol ogles.  A  ccx-.plete  theoretical  understanding 
of  these  superconductive  analog  signal  processing 


devices  has  been  demonstrated.  A  baseline  technology 
for  the  reproducible  fabrication  of  wide-bandwidth 
but  modest-dispersion  devices  has  been  established. 
The  developnent  of  devices  with  greater  dispersion  Is 
proceeding  on  two  fronts.  Operation  of  the  devices 
In  an  Important  applications  area,  spectral  analysis, 
has  been  demonstrated. 

Two  areas  need  development  before  extensive 
application  of  this  technology  will  be  made.  First, 
circuits  must  be  developed  vAlch  can  acquire  the 
wide-bandwidth  output  of  the  delay  lines  and,  in  real 
time,  extract  the  essential  information  for  further 
processing  by  room-temperature  digital  processors. 
Josephson  circuits  for  this  purpose  are  being 
developed  In  several  institutions  and  cooled 
semiconductor  and  optoelectronic  means  are  also  under 
consideration.  Second,  compact  cryocoolers  capable 
of  bringing  these  low-power  circuits  to  their 
operating  temperatures  are  needed.  These  delay 
lines,  employing  a  single  superconductive  layer,  are 
1 ikely  candidates  for  the  application  of  low-RF-loss 
high-T^  materials  which  are  expected  to  raise  the 
operational  temperature  to  at  least  8  K. 
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Abstract 

A  superconductive  convolver  with  tunnel-junction 
mixers  has  been  developed  and  demonstrated  as  a 
rammable  matched  filter  for  near  l-GHz-bandwidth 
ped  waveforms.  A  low-loss,  14-ns-long  super- 
uctive  stripline  circuit  provides  temporary  storage 
relative  shifting  of  signal  and  reference  wave- 
s.  These  waveforms  are  sampled  by  25  proximity  tap 
s  and  local  multiplication  is  performed  by  25 
tion  ring  mixers.  Two  short  transmission  lines 
rencly  sum  the  local  products  and  deliver  the 
oiution  output.  The  output  power  level  of  the 
olver  has  been  increased  18  dB  by  the  Incorporation 
ing  mixers  and  other  output  circuit  improvements, 
e  mixers  employ  series  arrays  of  nlobium/nlobiura 
t*  lead  junctions  driven  by  delay-line  taps  in  a 
i-balanced  manner.  The  ring  mixer  provides  higher 
ut  power  levels  (to  -58  dBm),  improved  suppression 
undesired  mixing  products  and  higher  rt  impedances 
did  the  single-junction  mixers  used  in  the  pre- 
s  device.  Convolvers  can  provide  the  essential 
rammable  matched- f i Iter  component  for  extremely 
-bandwidth  spectral  analysis  or  spread-spectrum 
unication  systems.  The  current  device  has  a  2-GH2 
gn  bandwidth  and  a  time-bandwidth  (TB)  product  of 
It  produced  compressed  pulses  with  -7  dB  peak- 
ide-lohe  levels.  Design  Improvements  to  be  dis- 
ed  include  increasing  the  TB  product  to  100  and  re- 
ng  spurious  side-lobe  levels. 

Introduction 

The  first  demonstration  of  a  superconductive  con- 
er  was  described  at  the  l':^82  Applied  Superconduc- 
cy  Conference.^  This  device  employed  a  niobium 
ostrip  line  as  a  low-loss  delay  element*^  and 
le,  superconductive  tunnel  junctions  as  mixing 
lencs.  Because  of  the  low  saturation  level  of  the 
,le-junction  mixers,  the  output  level  of  this  device 
only  marginally  greater  than  the  thermal  noise 
r  set  by  wideband  roora-ceraperattire  amplifiers. 

Superconductive  ring  mixers  with  series  arrays  of 
.el  Junctions  were  developed  and  incorporated  in  a 
convolver  design.  The  mixer  ring  provides  higher 
lut  power  levels  and,  with  a  quadrature  fee' 
eves  a  nominal  lU-dB  suppression  of  undesirable 
ng  self-products .  The  delay  line  and  device  package 
•  redesigned  to  incorporate  a  stripline  structure 
ilting  in  lower  phase  distortion  and  more  reliable 
tricai  characteristics.  Device  operation  as  a 

‘band  programmable  matched  filter  was  demonstrated 
ig  linearly  frequency-modulated  (chirped)  waveforms. 

A  convolver  can  provide  the  essential  signal 
:essing  functi'‘’n  in  communications  for  wideband 
lad-spectrum  waveforms . ^ The  programmable  feature 
convolvers  allows  the  encoding  waveform  to  be 
iged  from  bit-to-bit,  thereby  providing  maximum 
lal  processing  flexibility  and  resistance  to  repeat 
ling  and  enabling  secure  coramunicat ions .  Devices 
I  very  large  bandwidths  such  as  superconductive 
'olvers  can  accommodate  very  high  data  rates  while 
'Idlng  covertness. 


.s  work  was  sponsored  by  the  Air  Force  Office  of 
mtlfic  Research. 

(sent  address:  MICRILOR,  P.O.  Box  b24,  Swampscott, 
)19U7 


Convolver  Operation 

Operation  of  the  superconductive  convolver  is 
shovm  schematically  In  Fig.  1.  A  signal  s(t)  and  a 
reference  r(t)  are  entered  into  opposite  ends  of  a 
superconductive  delay  line.  Samples  (delayed  replicas) 
of  the  two  counterpropagating  signals  are  taken  at 
discrete  points  by  proximity  taps  weakly  coupled  to  the 
delay  line.  Sampled  energy  Is  directed  Into  junction 
ring  mixers  which  produce  mixing  products.  The  mixing 
products  are  spatially  Integrated  by  summing  in  multi¬ 
ple  nodes  connected  to  one  or  more  short  transmission 
Lines.  The  summed  energy  which  appears  at  the  output 
port  of  the  device  Includes  the  desired  cross-product 
(signal  times  reference),  undesired  self-products  as 
well  as  higher-order  terms.  Because  both  of  the  spatial 
patterns  are  moving,  there  is  a  halving  of  the  time 
scale  at  the  output;  chat  is  the  center  frequency  and 
bandwidth  are  doubled.  If  Che  reference  is  a 
time-reversed  version  of  a  selected  waveform,  then  the 
convolver  functions  as  a  programmable  matched  1 1  Iter 
for  chat  waveform. 


Convolver  Design 

Stripline  Structure  and  RF  Package 

A  photograph  with  an  overview  of  the  principal 
electronic  circuitry  of  an  unassembled  convolver  is 
shown  in  Fig,  2.  The  circuits  are  fabricated  on  a 
i25-uai-thin,  2.5  x  U  cra^  sapphire  substrate  with  a 
niobium  ground  plane  deposited  on  the  reverse  side.  The 
central  region  of  the  device  consists  of  a  14-ns 
meander  delay  line  with  a  50-ohm  characteristic 
impedance.  Twenty-five  proximity  tap  pairs,  located 
along  opposite  sides  of  the  delay  line,  sample  the 
propagating  waveforms  and  direct  the  sampled  energy 
into  a  corresponding  number  of  junction-ring  mixers*. 
The  resultant  mixing  products  are  collected  and  summed 
by  two  low-impedance  (15  ohm)  transmission  lines  locat¬ 
ed  near  opposite  edges  of  the  rectangular  substrate. 
Each  end  of  the  output  transmission  line  has  a  tapered 
line  section  which  transforms  the  characteristic  Imped¬ 
ance  of  the  line  to  a  standard  50  ohms.  The  desired 
outputs  from  the  two  transmission  lines  are  then  summed 
externally  with  a  microwave  combiner. 

During  device  assembly  a  second  sapphire  substrate 
with  another  niobium  ground  plane  (showti  In  Fig.  is 
placed  against  the  delay  line  region  of  the  first  sub¬ 
strate  to  form  a  strlpllne  circuit.  Alignment  of  these 
two  substrates  to  each  other  is  determined  bv  slots 
which  have  been  machined  in  the  base  package.  The  top 
sapphire  dlelectrlc/niobium  ground  plane  struetnre 
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Junction  Rlnn  Mixer 


Hire  substrate  with  superconductive 
uits  miiuiitod  In  base  plate. 

lud  tr.e  edge  ir  the  nlublum  delay  line  but 
iverlap  the  Mixers  or  output  line.  A  spring 
■  IS  Mounted  over  the  top  substrate  and  52 
jpper  springs  are  Inserted.  A  central  cover 
;n  added  which  compresses  the  springs  and 
Tina,  art  ru'wtons  ot  force  holds  the  two  sap- 
-  ites  in  intimate  contact.  Wire  leads  are 
1  t  1  the  device  pads  and  RF  connectors  for 
:  inection.  Finally,  two  additional  cover 
added  for  mechanical  protection. 

inder  Jeiay  line  design  for  this  device  con¬ 
'd  Straight-Line  sections  connected  by  180- 
Is.  '  nforcunately,  these  bends  slightly 
e  line  impedance  and  cause  reflections.  With 
ign,  Che  etteccs  of  these  reflections  can  be 
Weax  coupling  between  adjacent  sections  of 
n  .ine  is  ani>cher  potential  source  of  re- 
B-.  lose  tile  bends  are  periodically  spaced, 
c! I'-s  add  ■oh,..rently  at  certain  frequencies 
e  t  ,j>  bands  in  the  transmission  response  of 
in,'.  Ihi'si'  ,top  bands  occur  at  fundamental 
1,  :  r.-quen  les  Jt  litqj"'  where  tj  Is  the 
cctini.  rhi'  irsign  intent  tonal  ly  places  the 
ii-ui  ■■  ’inn.!  t-'i  ;K2)  between  the  1st  and  2nd 


The  ring  mixer  has  two  RF  input  ports,  a  c.  g;e 
output  port  and  a  dc  bias  port.  Each  of  Its  active  legs 
has  several  superconductive  tunnel  Junctions  In  scries. 
The  bias  ports  are  connected  to  a  common  current  source 
while  the  output  ports  are  connected  to  one  of  the  two 
output  lines.  Two  terminals  on  opposite  sides  of  each 
ring  are  excited  by  RF  inputs  from  individual  proximity 
couplers.  The  two  couplers  are  separated  by  a  nominal 
4U  degrees  on  the  Input  delay  line  and  ideally,  except 
for  a  phase  shift,  carry  equal  signal  Cfj)  sod 
reference  (f2)  components  to  the  mixer  terminals.  The 
desired  mixing  term  (fj  +  f,;)  between  the  signal  and 
reference  la  coherently  summed  at  the  lower  terminal  of 
the  diode  ring  and  directed  into  a  common  output  line. 
In  addition  to  the  desired  mixing  term,  undeslred 
self-products  of  the  signal  (21])  and  reference  ilti) 
arrive  at  the  output  terminal.  But  the  self-products 
from  the  two  arms  of  the  ring  arrive  at  the  output 
terminal  approximately  180  degrees  out  of  phase  and 
effectively  cancel  each  other.  Computer  simulation 
Indicates  that  this  technique  has  the  potential  of 
providing  a  14-dB  suppression  of  this  spurious  output 
over  the  desired  40%  fractional  device  bandwidth;  tests 
on  individual  Junction  ring  mixers  indicated  a  nominal 
10  dB  suppression.  A  major  limitation  at  the  present 
time  Is  that  the  sampling  weight  of  the  taps  Is 
somewhat  dependent  upon  the  direction  of  propagation  on 
the  Input  delay  line.  Therefore,  both  Input  ports  of 
the  ring  mixer  do  not  always  receive  the  same  magnitude 
of  sample  of  the  signal  (or  reference)  waveform. 
Another  limitation  is  that  the  proximity  couplers  are 
not  terminated  In  their  characteristic  impedance  and 
that  resultant  multiple  reflections  in  the  couplers  can 
cause  considerable  phase  distortion. 

A  photograph  of  a  junction  ring  mixer  is  shown  in 
Fig.  4.  The  structure  has  a  series  array  of  four  tunnel 
Junction  In  each  of  Its  four  legs.  The  junctions 
consist  of  a  niobium  base  electrode,  a  niobium  oxide 
tunnel  barrier  and  a  lead  counterelectrode Junction 
areas  are  defined  by  4-um-diameter  windows  etched  In  a 
silicon  monoxide  insulation  layer.  Input  and  output 
signals  are  coupled  Into  and  out  of  the  diode  rings 
through  microstrip  transmission  lines.  Stray  RF 
currents  on  the  bias  line  are  terminated  with  pad-type 
capacl tors . 
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JUNCTION  IMPEDANCE  Rn  (0) 

Fig.  5  Predicted  efficiency  M  of  ring  mixer  a*  a 
function  of  normal-state  Junction  resistance 
(Rn). 

To  properly  design  convolvers  and  to  project  their 
performance,  It  Is  necessary  to  have  models  which 
predict  mixer  efficiency  and  saturation.  Nonlinear 
circuit  models  which  fulfill  this  function  have  been 
developed.  The  efficiency  of  the  mixing  Interaction  Is 
defined  as 

M  -  It/(PrPs)‘^^. 

where  and  Pg  are  the  Input  powers  diverted  Into  the 
mixer  network  and  Ij  Is  the  output  current  Into  the 
load.  A  plot  of  the  predicted  values  for  H  In  a 
convolver  structure  Is  shown  In  Fig.  S.  Both  H  and 
loading  of  the  output  circuit  by  the  ring  mixers  Is 
strongly  dependent  upon  Junction  Impedance. 

Output  Circuit 

To  achieve  a  properly  functioning  device,  the 
desired  product  from  each  mixer  must  add  In  phase  at 
the  the  output  port  of  the  device.  Because  the  collec¬ 
tion  nodes  along  the  output  transmission  line  are  sep- 
parated  by  finite  delay,  excessive  phase  distortion  can 
result  In  the  superconductive  convolver.  This  phase 
distortion  has  been  compensated  to  first  order  In 
acoustoelectric  convolvers  by  offsetting  the  center 
frequency  of  the  reference  relative  to  the  center 
frequency  of  the  signal.^  This  technique  Is  currently 
employed  in  the  superconductive  convolvers.  Half  of  the 
available  output  power  propagates  towards  each  of  the 
ports  at  opposite  ends  of  the  output  line.  Since  the 
output  phase  distortion  can  only  be  compensated  for  one 
direction  of  signal  propagation,  one  port  of  each 
output  line  Is  selected  for  summation  and  the  second 
port  Is  terminated  In  Its  characteristic  Impedance. 
Other  frequency  terms  such  as  the  undeslred  self¬ 
products  have  a  different  phase-vs-posltlon  relation 
ship  and  hence  usually  do  not  add  coherently  at  the 
output . 

Device  Measurements 

To  determine  device  characteristics,  the  convolver 
was  first  evaluated  with  CW  Input  tones.  The  real-time 
output  of  the  convolver  with  CW  Input  tones  gated  to  a 


14-na  duration  and  entered  Into  signal  and  reference 
porta  Is  shown  In  Fig.  6(a).  The  envelope  of  the 
convolver  output  has  a  triangular  shape  as  p  Jlctr J 
for  the  convolution  of  two  nearly  squari  (l-r> 
risetime)  input  envelopes.  The  trailing  side-lobes  are 
associated  with  reflections  In  the  measurement  set  and 
spurious  signals  In  the  device.  The  convolvers  have  a 
measured  efficiency  factor  (F-factor)l  of  -30  dBm  which 
la  a  nominal  12-dB  Improvement  over  the  previous 
design.  The  maximum  output  power  level  of  the  device 
(-S8  dBm)  has  been  Improved  by  about  18  dB  with  12  dB 
being  associated  with  the  use  of  tunnel  Junction  arrays 
In  the  mixers  and  6  dB  the  result  of  the  reduction  of 
parasitic  capacitances  In  the  output  circuit. 

In  wideband  measurements.  Input  waveforms  consist¬ 
ing  of  a  flat-weighted  upchirp  and  a  complementary 
downchlrp  were  applied  to  the  signal  and  reference 
ports  of  the  convolver.  The  waveforms  were  generated  by 
two  superconductive  tapped-delay-llne  filters^.  The 
waveforms  had  chirp  slopes  of  about  62  HHz/ns  and  were 
effectively  truncated  to  Instantaneous  bandwldths  of 
about  0.85  GHz  by  the  14-ns-long  Interaction  length  of 
the  convolver.  The  resultant  output  waveform  shown  In 
Fig.  6(b)  has  a  bandwidth  of  about  1.7  GHz.  Use  of 
flat-weighted  chirps  should  yield  a  (sin  x)/x  response 
with  a  null-to-null  width  of  1.2  ns  and  peak  relative 
side  lobes  of  -13  dB.  A  null-to-null  width  of  1.5  ns 
was  observed  with  excessively  high  -7  dB  side-lobe 
levels.  These  distortions  are  attributed  primarily  to 
mixer  products  produced  from  undeslred  leakage  of  Input 
signal  onto  the  output  line  and  Inadequate  balance  In 
the  taps. 


b 


Fig.  6  Output  waveform  cf  junction  ring  convolver 

with  Inputs  (a)  of  two  14-ns-duratlon  ■  ed  CW 
Input  tones  and  (b)  of  two  linearly  ..hlrped 
waveforms. 
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Extending  Time-Bandwidth  Product 

The  maximum  potential  signal-processing  gain  of  an 
analog  device  is  equal  to  Its  tlme-bandwldth  (TB) 
product,  where  T,  the  Interaction  time,  is  the  total 
delay  length  of  the  device  over  which  the  waveform  Is 
adequately  sampled  and  B,  Che  bandwidth.  Is  limited  to 
Che  frequency  range  over  which  Che  amplitude  and  phase 
response  of  the  device  Is  well  behaved.  Adequate  sampl 
Ing  requires  Chat  the  time  delay  between  any  two 
complex  samples  of  the  waveform  not  exceed  l/B.  The 
convolver  design  described  In  this  report  has  a  maximum 
tap-delay  spacing  of  about  0.47  •  ns,  for  a  potential 
signal  processing  bandwidth  slightly  greater  chan 
2  GHz,  and  a  delay  time  of  about  14  ns;  thus  it  has  a 
nominal  TB  product  of  28.  Progress  has  been  made  In 
both  the  technology  required  to  realize  longer  inter¬ 
action  lengths*^  and  In  conceptual  designs  which 
incorporate  subscancually  larger  numbers  of  composite 
Cap/mixer  sections. 

A  "daisy-wheel”  delay  line  structure,  shown  in 
Fig.  7,  has  been  conceived  and  investigated  as  an 
alternative  to  the  present  "meander-line"  structure. 
The  modified  structure  will  maximize  the  utilization  of 
surface  area  on  Che  round  substrates.  To  have  a  TB 
product  of  100,  a  like  number  of  mixers  is  required. 
The  mixers  and  output  lines  will  be  located  around  the 
outer  edges  of  the  "daisy-wheel”  design.  A  new  tap 
design  with  a  symmetrical  structure  and  very  short 
transmission  lines  leads  will  Improve  mixer  balance 
for  improved  spurious  suppression.  Design  studies 
Indicate  chat  a  convolver  with  a  TB  product  of  100  can 
be  fabricated  on  125-um-thick,  7 .b-cm-diameter 
substrates.  Silicon  and  sapphire  substrates  with  these 
dimensions  are  commerically  available.  Thinner  sub- 
gcrates  under  development  at  Lincoln  Laboratory  would 
allow  much  greater  circuit  density  and  correspondingly 
larger  convolver  TB  products. 

Discussion 

Significant  improvements  have  been  realized  in  the 
development  of  a  superconductive  convolver  for  wideband 
analog  signal  processing.  A  new  convolver  design  has 
been  designed,  fabricated  and  characterized  with  CW 
bursts  and  wideband  waveforms.  The  new  design  is 
providing  an  18-dB  improvement  in  output  power  level 
Present  spurious  signal  levels  are  unacceptably  high 
and  design  improvements  have  been  proposed.  Current 
technology  would  support  the  development  of  a  super¬ 
conductive  convolver  on  a  single  dielectric  substrate 
with  a  bandwidth  of  2-5  GHz  and  a  TB  product  of  100. 
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Fig.  7  Proposed  "daisy-wheel"  convolver  structure. 
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